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Megaturbidites and the late Quaternary regional sedimentology
of the Eastern and Central Mediterranean Sea.
by Michael S. Reeder
The late Quaternary sedimentology of the Mediterranean is controlled primarily by fluctuations in
global climate and sea level, and by an overriding compressive regime between the Eurasian and
African plates. Local variations in this convergence have led to marked differences in the two
regions studied for this thesis, as reflected in their dominant sedimentological processes, sediment
distribution and architecture.
This present research assesses the sedimentology of the deep (>3000 m) Herodotus Basin situated
between the Nile Cone and the deformed Mediterranean Ridge, focusing on sediment sources and
influences on emplacement of the many turbidity current deposits (turbidites) noted in the
stratigraphy. Radiocarbon dating and geochemical fingerprinting of turbidite muds has allowed
construction of an accurate stratigraphy and correlation for the Herodotus Basin, with the recognition
of climatically-controlled cyclic patterns of sedimentation (cyclothems).
The Sicilian-Tunisian Platform of the Central Mediterranean has a contrasting late Quaternary
sedimentology, due to complex uplift and rotation of the region. Deep troughs (>1000 m) incise the
broad, shallow platform creating smaller, localised sedimentary environments. Climate-controlled
bottom currents scour the region, creating sediment drifts (contourites) with heightened
sedimentation rates via a process herein termed 'bottom current flow lofiing\ and interaction with
downslope processes. Local volcanism, relatively undisturbed hemipelagic sediment accumulation
and sapropel formation provide dateable horizons, allowing calculation of sedimentary budgets and
insights into controls and influences on the many sedimentary processes noted in this region.
Across the Mediterranean, distinctive, thick turbidites with large volumes (megaturbidites) are
noted as acoustically transparent layers (ATLs) on shallow seismic profiles and as graded sand and
mud beds in long-piston cores. Of particular interest are 1) the Herodotus Basin Megaturbidite
(HBM), dated at approximately 27,000 years and with a volume in the order of 400 km3 and 2) the bi¬
partite Pantelleria Trough Megabed of the Central Mediterranean, emplacing circa 30 km3 of
volcanic and carbonate material approximately 35,000 years before present. This study analyses
these events and other global occurrences of megaturbidites, evaluating their recorded geometries,
seismic and sedimentologic characteristics, proposed triggering mechanisms, flow properties and the
interaction between sea floor and flow during mega-turbidity current flow. A new classification,
using all case studies cited in the geological literature, has been constructed to characterise
megaturbidites by their mode of deposition and their association with other mass flow deposits.List of Contents
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1.0 Introduction
Chapter 1 outlines the principle aims and organisation of this thesis, therefore providing an
introduction and context for the subsequent chapters. It also describes the data collection for the
project and the analytical techniques used in this sedimentological study of the Eastern and Central
Mediterranean Sea.
1.1 Aims and Organisation
This thesis assesses the sedimentation and physiography of two regions of the Mediterranean Sea.
The two case studies presented demonstrate the influences and controls on the deposition of turbidite,
contourite and hemipelagite sediments in the marine sediment sequence (see Section 1.4 for glossary
of terms used).
1.1.1 Aims
The aims of this thesis are to:
1) Introduce the background geology and sedimentology to the Herodotus Basin (Eastern
Mediterranean) and the Sicilian-Tunisian Platform (Central Mediterranean), commenting on the
conventional thoughts to date on their geological and sedimentological evolution. The material
collected from the Marion Dufresne cruise 81, namely nine long-piston cores and a suite of
geophysical data, will be used in addition to scientific literature to introduce the late Quaternary
physiography and influential regional processes.
2) Update the theme of sedimentological study in the Central and Eastern Mediterranean Sea. Many
of the dedicated sedimentological studies were completed over two decades ago, presenting the
opportunity here to use new technical advances in laboratory and analytical methods. These
methods, together with standard sedimentological techniques, will be used to describe and
interpret the spatial and temporal relationships of sediments and process within the two study
areas.
3) Investigate the nature and distribution of sediment in the Herodotus Basin. With a dominant
fluvial supply of sediment to the basin from the Nile River, this dissertation aims to investigate the
major controlling factors on the architecture and processes noted by completing a very detailed
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description of the core sediments and seismic survey. Constructing a new stratigraphic correlation
of units across the basin and obtaining new absolute dates for specific horizons allows the possible
correlation of sedimentary processes and sediment distribution with dominant physiographic,
tectonic or global climatic controls. Results from this study will be compared and contrasted with
existing hypotheses for the Herodotus Basin and other basin plains.
4) Address the problems associated with catastrophic, large-scale turbulent gravity flow deposits
(megaturbidites), noted in the deep-sea settings of both study regions. A detailed description of
examples from the Herodotus Basin and Pantelleria Trough aims to tackle questions and points of
contention concerning geometry, triggering mechanisms and characteristics of the events (mega-
turbidity currents). Similarly, this dissertation aims to assess issues concerning the qualitative and
quantitative definition of megaturbidites, with the target of constructing a classification into which
all examples from the literature may be assigned.
5) Investigate the recent interest in narrow ocean passageways (gateways) and their control of
sedimentary processes and distribution of sediments. This dissertation aims to highlight the
importance of gateways, such as the Sicilian-Tunisian Platform, addressing their influence on both
regional and local sedimentology and oceanography. By reporting on the relative timing and
diversity of sedimentary processes, discussion may be focused on the climatic, tectonic, volcanic
and oceanographic controls on sediment distribution.
6) Attempt to synthesise the late Quaternary sedimentology of the two study regions to compare and
contrast their sedimentological and geological processes. Initial differences in the physiography
between the Herodotus Basin and Sicilian-Tunisian Platform might suggest unique, unrelated
sedimentary evolution. By understanding the processes and controls of each area, this thesis aims
to find the levels of disparity and similarity between the areas, to conclude with a synthesis of
overriding influences and controls across the Mediterranean Sea during the late Quaternary.
7) Periodically present the latest results of this research at scientific meetings, in order that
interpretations are critically reviewed by my peers and may subsequently be published in
recognised international scientific journals.
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1.1.2 Organisation
This thesis is divided into four parts and a series of appendices as follows:
PART A- introduction, aims, methods and terminology,
PART B- Herodotus Basin, Eastern Mediterranean,
PART C- Sicilian-Tunisian Platform, Central Mediterranean,
PART D- discussion and conclusions of this thesis
Part A
Chapter 1 - Introduction
Chapter 1 introduces the aims and organisation of the thesis. It outlines the chapters presented and
gives a summary of the acquisition and analytical techniques used in the completion of this
dissertation. A brief glossary and history of the terms used are also presented.
PartB
Chapter 2 The Eastern Mediterranean Basin
This chapter introduces the geology and physiography of the Eastern Mediterranean, from its
deepest basins to the fluvial influence of the River Nile. The tectonic framework, seismicity,
volcanism, physical oceanography and climatology of the Eastern Mediterranean are considered.
Geological processes during the late Pleistocene are introduced with reference to their influence on
the evolution of the first of the study areas, the Herodotus Basin. Summaries of the previous
sedimentological studies of the Herodotus Basin are presented.
Chapter 3 - The Herodotus Basin
The first of the two study regions is analysed in this chapter, describing the sedimentology and
physiography of the Herodotus Basin, obtained from the results of core, geochemical and geophysical
data analyses. The Marion Dufresne Cruise 81 database is presented in the format of two journal
articles, one of which has been published and the other submitted for publication.
The papers introduce the correlation of turbidites and debris flow deposits within the basin and
present the results of new use 14C radiocarbon dating to reveal their absolute emplacement ages. This
has allowed the accurate calculation of sediment budgets for the Herodotus Basin and has led to
discussion on the relationship between and importance of downslope events, regional climate and the
eustatic sea level changes.
Chapter 4 - The Herodotus Basin Megaturbidite
Chapter four concentrates on the sedimentology, timing, processes and triggering of one specific
event in the late Pleistocene evolution of the Herodotus Basin. A large volume and thick turbidite,
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here named the Herodotus Basin Megaturbidite (HBM), dominates the geologically-recent
sedimentology of the basin. A submitted, reviewed and amended journal article describes the various
aspects of this event and attempts to place some classification on the geometry, triggering processes
and timing of such large-scale mass-wasting events.
PARTC
Chapter 5 - The Central Mediterranean
Using data from the MD81 cruise and previously published material, this chapter describes the
various sedimentological and physiographic characteristics of the second of the study areas of this
thesis, the Sicilian-Tunisian Platform of the Central Mediterranean. In a similar vein to Chapter 2, the
tectonic framework, seismicity, volcanism, physical oceanography and climate of the region during
the Pleistocene are introduced. Likewise, the chapter is intended to be a brief overview of the study
area, elaborating upon the regional geology and acting as a prologue to Chapter 6.
Chapter 6 - The Sicilian-Tunisian Platform
The final regional chapter uses the analyses of four long-piston cores and a suite of geophysical
data collected during MD81 to interpret the Pleistocene sedimentological processes of the Sicilian-
Tunisian Platform. The geologic, climatic, oceanographic and volcanic controls on the sedimentary
processes and sediment distribution in the four cores are presented as a journal publication.
PartD
Chapter 7 - Discussion
Chapter 7 attempts to synthesise the work presented in the preceding chapters. Discussions from
the submitted/published material are elaborated upon, together with additional topics from the two
study areas. A classification of the deposits from large, mass-wasting events is presented along with
considerations of the other observed sedimentological processes, regional controls on sedimentation
and the influence, significance and relevance of these with respect to the environment and industry.
Chapter 8 - Conclusions
Chapter 8 presents the conclusions from this study.
References
An alphabetical list of the references cited in this thesis may be found between Chapter 8 and the
Appendices.
Appendices
The appendices contain large poster-style figures from the two regional introductions (Chapters 2
and 5), abstracts and posters from oral and visual conference presentations and reprints of any
authored or co-authored published material pertinent to this thesis.
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1.2 DATA ACQUISITION- MARIONDUFRESNE CRUISE 81
Between the dates of 17* January and 9th February 1995, the research vessel Marion Dufresne
undertook a survey of the Mediterranean Sea commencing in Marseille (France) and finishing in
Limassol (Cyprus). Cruise MD81 was largely devoted to taking high-quality long-piston cores and
high-resolution 3.5 kHz seismic profiles from the deep sea, under the supervision of Chief Scientist
Guy Rothwell (co-supervisor to this project) and with the corer developed and operated by the
Institut Francais pour la Recherche et la Technologie Polaires, Brest. Nine cores were used in this
study, and their locations are given in Table 1_1. Full details of the acquisition of the 30 long-piston
cores and subsequent shipboard analyses may be found in:
Rothwell, R. G., 1996. R/V Marion Dufresne Cruise 81- Mediterranean giant piston coring
transect, Cruise Report, Institute of Oceanographic Sciences, 77pp. (Unpublished Manuscript).
Core Number
Herodotus Basin
LC24
LC25
LC27
LC29
LC30
Sicilian-Tunisian
Platform
LC7
LC8
LC9
LCIO
Water Depth
(m)
3191
3129
3131
3138
3144
488
1308
1721
1322
Latitude
3217.71'N
3236.01'N
3248.91'N
3335.63' N
3404.70' N
3808.72' N
3634.92' N
36O28.19'N*
3512.77'N
Longitude
2637.95' E
2723.25' E
2740.45' E
2856.32' E
2942.72' E
1004.73' E
1227.20' E
1319.39'E
1634.88' E
Core Length
(m)
18.31
13.71
14.95
24.66
25.82
23.66
25.88
19.86
Table 11. Water depth, location and length of the 9 long-piston cores studied from
Marion Dufresne cruise 81 (MD81).
All post-cruise analyses detailed below and presented in the ensuing chapters relate to this survey.
Although I did not participate in shipboard data acquisition, the dataset was made available
immediately after the successful completion of the survey. This ensured that the two study areas
presented in this thesis form part of a unique, original thesis, with no overlap or conflict of interest
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with other participating institutions. Experience has subsequently been gained of collection of data on
non-thesis related cruises, separate from the MD81 survey (see Appendices).
1.3 Analytical Techniques
The following analytical techniques were employed in the analysis of the sedimentary cores
obtained during Marion Dufresne Cruise 81. These were completed post cruise and are presented in
an approximate order of completion.
1.3.1 Core Descriptions
All cores were cut on board into manageable sections, varying between 40 cm and 150 cm in
length. Further splitting along the length of the sections allowed the division of the cores into
'archive sections' for use for description and photographs and mirror-image 'working sections,' from
which all samples were taken.
Preliminary shipboard description of the 30 long-piston cores was first completed during the
survey. This allowed the recognition of well-preserved core sections and the initial choice of the
cores to be studied for this dissertation. Cores LC24, LC25, LC27, LC29 and LC30 from the Eastern
Mediterranean were chosen because of their excellent recovery and relative spacing in the Herodotus
Basin. Cores LC7, LC8, LC9 and LCIO were selected from the Central Mediterranean by way of
contrast to those from the Herodotus Basin and in order to examine the sediment flux to and through
the Sicily-Tunisia gateway (Figure 1_1).
Laboratory core descriptions by the author followed the broad nomenclature and standard graphic
representation set out in the Ocean Drilling Program guidelines (Mazzullo et al., 1988), an example of
which may be found in Figure 1_2. All descriptions were completed at NERC's British Ocean
Sediment Core Repository (BOSCOR) based at the SOC. Descriptions were made at a very detailed
scale, a refinement of the preliminary shipboard descriptions obtained during the MD81 survey.
All sediments were found to be unconsolidated, allowing the sections to be delicately cleaned
using an osmotic-knife. By passing a small current (<10 amps) through the wet sediment, the
cleaning blade drew water to its cutting edge, allowing the smooth passage of the knife through the
sediment. The process produced incredibly clean sediment surfaces, negating the need for X-
radiography to determine structures, textures and fabrics.
The colours of the sediments were recorded using a Munsell Colour Chart (US Rock Color Chart
Committee, 1991). An additional step was taken to preserve a small amount of sediment on the core
description sheet to act as a visual representation of the actual colour. The smeared sediment was
covered on both sides by a clear plastic tape to prevent drying and colour deterioration (Figure 12).
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0-16 cm
- a light grey-brown FeS-speckled and mottled mud. Few
forams but bioturbated.
16-42 cm a darker grey/brown mud unit that becomes darker towards
the base. The top and bottom contacts are indistinct and
gradual. The mud unit contains a lot of FeS speckling
and patches, very few forams and light coloured (5Y7/2) burrows
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42-58 cm a light pale grey/brown foram-rich mud containing some shell
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throughout. The burrows are generally horizontally elongated
darker muds (as above), some containing siltier mud. Boundary
could be between 54-58 cm.... very gradational.
58-81 cm a colour- and grainsize-graded mud with whiter, pale
grey/brown mud burrows = horizontal. Mottled and some
forams present. A mollusc shell fragment lcm x lcm is
seen at 75cm. FeS patches.
81-92 cm return of the pale mud with dark burrows = strange structures
at 85cm
- FeS specks as seen at 42-58cm.
92-100cm a medium brown/grey mud with pale grey/brown burrows.
FeS specks, mottling. Few forams and shell fragments as
between 58-70cm
XX) These data arc to be processed into a computerized data ba alone with xining andardized data from ottior le^ and wi
to the science communis at large. RECORD ALL MEASUREMENTS CAREFULLY. COMPLETELY, AND LEG.BLY
Colour smears of
predominant
sediments
REV.8/B
Core Descriptions and the
BOSCOR laboratory
Core splitter
Power unit and ozmotic knife
instrument
Smear slides on hot plate
Protective casing
for core sections
('D' tubes)
Working core section Sample tubs for grain-size and
XRD analyses
Figure 1_2. An example of a core description sheet (retyped) from core LC7, section 2
(Sicilian-Tunisian Platform, Chapters 5 and 6) and photograph of the BOSCOR core
laboratory at Southampton Oceanography Centre. The description details (from left to
right) location of samples taken, graphic representaion of the sediment, any drilling
disturbance noted, structures within the sediment, colour, and a full written description of
the interval.
The colour smearing technique can be seen at the bottom of the core description.
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The preserved sample reduced the need for continual, repeated exposure of the core section and acted
as a reference for sediment colour comparison throughout the core description laboratory work.
The core description also included photographing selected core sections, during which Mr B.
Marsh of the Geology Department gave considerable assistance.
1.3.2 Smear Slide Analysis
During description, small amounts of soft sediment sample were smeared on standard microscope
glass slides for penological analysis. Mixed with a droplet of distilled water, the sediment was spread
evenly over the slide using disposable wooden tooth-picks, dried on a warm hot-plate, and then
covered with a coverslip evenly spread with slide-mount resin. Having dried, they were examined
under a normal petrographic microscope noting, in particular, the relative abundance of different
sedimentary components and the approximate grain size (Rothwell 1989).
1.3.3 Multi-Sensor Core Logger Analysis
Designed and developed by Geotek Ltd. (Haslemere, UK), the Multi-Sensor Core Logging system
(MSCL) is an innovative, non-destructive sediment core scanning system. Under the supervision of
David Gunn (Institute of Oceanographic Sciences), the system was used to log the compressional
wave velocity (p-wave), magnetic susceptibility and Gamma-ray attenuation of the Herodotus Basin
cores (Figure 1_3). Initial analyses completed on board were repeated for cores LC24, LC25, LC27,
LC29 and LC30 at a higher sampling resolution (2 cm sample interval rather than 5 cm). Technical
details may be found in the cruise report (section by D. Gunn, 'Multi-Sensor Core Logging,' p. 25-
29). The resulting depth profiles obtained for the core sections were used to characterise the
sediments and, in some cases, approximate the grain-size and aid correlation between core locations.
P-wave velocity profiles were noted to increase in coarser grained sediments and those with a
proportionally higher degree of consolidation, while magnetic susceptibility levels increased with
expected higher heavy mineral accumulations at turbidite bases and at dark, sapropelic levels. The
Gamma-ray results were disappointing, with very limited disparity noted between different sediment
types. Hence, the Caesium-137 Gamma ray results were not used during the final description of the
sediments. Additionally, the shipboard multi-sensor core logger results for cores LC7, LC8, LC9 and
LCIO were used, as time and other project commitments did not allow for post-cruise multi-sensor
analysis in the laboratory.
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P-wave Velocity, Magnetic Susceptibility and Gamma ray
attenuation using the Multi Sensor Core Logger
I) Displacement transducers
measure core diameter
10) P-wave Velocity
transducers
3) Caesium-137 Gamma
ray radiation attenuation
source
2) Computer controlled motorised
operation of the P-wave and
Magnetic Susceptibility sensors
4) Integrated electronics
rack with computer
interface
8) Non-metallic tracksection
reduces Magnetic
Susceptibilty interference
7) Gamma
radiation
detector
o
5) Core Pusher
Sediment core section,
split or whole with a maximum
length of 150 cm and diameter
of 15 cm
9) Magnetic Susceptibility point
sensor. An optional loop sensor
can be fitted
i i im
6) Computer controlled motorised
track moves the core past the
sensors in pre-set increments
Figure 1_3. The Multi Sensor Core Logger, based in the BOSCOR laboratory, is a non¬
destructive method for measuring the P-wave Velocity, Magnetic Susceptibility and
Gamma ray attenuation of core section sediments. Annotation on the photograph relates
to the line drawing above (schematic drawing by D. Gunn, IOS).
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1.3.4 Grain-size Analysis -;'
Quantitative analysis of the grain-size variation, noted in the core descriptions and as fluctuations
in the p-wave and magnetic susceptibility readings of the MSCL, was obtained for selected gravity-
flow deposits. This was completed either by direct measurement of the maximum grain-size noted
over 4 cm intervals (as in the case of the thick, coarse-grained debris flow deposit note in LC8), or as
a semi-automated, mechanical analysis completed by use of a sieve stack and sedigraph. The core
descriptions were used to guide the sections Ho ?be analysed and samples were ^collected from the
working section of the cores at appropriately spaced intervals. The spacing was determined by the
perceived variability and fluctuation in grain-size and ranged from 2 cm (notable variation) to
approximately 40 cm (relatively homogeneous unit).
Between 10 and 15 grammes of sediment was collected for each sample and was wet-sieved to
separate the silt and clay (<62.5 m) from the sand (>62.5 m). The finer-grained fraction was left to
settle in columnar beakers and the sediment-free water was decanted. Both of the fractions were dried
at 40-50 C and weighed using an electronic scale. The coarser fraction was shaken through a sieve
stack, comprising 1000, 500, 250, 125 and 62.5 m sieves, for approximately 5 minutes on a
moderate vibration. Each fraction was weighed, with any additional <62.5 m fraction transferred for
sedigraph analysis.
The fine fraction was re-suspended in 0.1 % Calgon solution, placed in an ultrasonic bath for 5
minutes to ensure particle separation and analysed in a Micromeritics 5100 sedigraph. The X-ray
analyses of the suspended sediment notes the settling rate as a function of grain-size, producing a
distribution curve with values measured between 62.5 and 0.24 m.
Statistical analyses were performed to calculate the grain-size distribution over the measured
interval of 0.24 to 1000 m, and to find values for the average (mean) and sorting (standard
deviation) of the sample. Where a series of samples were taken through a sedimentary unit a mean
grain-size vs. depth plot was constructed to reveal the hydrodynamic processes active during
deposition.
1.3.5 Bulk Grain Analysis
Resulting from the separation of the sand, silt and mud fractions, the >62.5 m fraction was placed
directly under a binocular microscope for penological analysis. Simple, approximate percentages
were calculated for each component, allowing a general description for the likely source of the unit.
Additionally, photographs were taken as archive records of the sedimentology.
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1.3.6 Calcium Carbonate Percentage (CaCO3 %)
All analyses for the Calcium Carbonate percentage were determined prior to the commencement of
this thesis by staff at the Challenger Division, SOC. The process involved the drying, acid treatment
of hand-ground sediment and coulometric detection of carbon dioxide (CO2). Over 150 samples were
analysed from the Eastern Mediterranean Herodotus Basin cores. Quality assurance was ensured by
replicate analyses and in-house standards and the results used as an indication of the abundance of
carbonate and also as a good proxy to the grain-size fluctuation.
1.3.7 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
The raw data from the ICP-AES analysis were available to the author at the commencement of this
thesis. The detailed sampling of almost all of the allochthonous events within the five Herodotus
Basin cores and subsequent analyses are a direct result of the dedicated and much appreciated work of
the Challenger Division laboratory staff (Sharon Nixon, Nigel Higgs and Darryl Green).
The analyses were performed using ICP-AES after digestion of 0.5 g of sample with a
combination of hydrofluoric, perchloric and nitric acids. Atomic Emission Spectroscopy measures a
suite of 22 major, minor and trace elements, allowing a unique 'fingerprint' to be determined for each
sample. The method has a precision better than 5% for all elements and standard reference materials
and in-house standards were used to monitor analytical accuracy.
The data were used to correlate gravity flow deposits from core to core in a process known as
chemostratigraphy (after Pearce & Jarvis, 1992). The raw data had first to be normalised, in order
that all data could be compared on an equal weighting. Each sample was normalised to the sample's
aluminium oxide (A12O3) value following the methodology of Grant (1986). The 22 elements were
then scaled, which involved the multiplication or division of each element by a number so that all
elements from all samples had a scaled range between 0 and 25. Hence, some normalised elements
had to be divided by, for example, 100 to fit the range, whilst others were multiplied by 1000 to fall
between the values of 0 and 25. Once this had been completed, two samples could be compared on an
'Isocon Diagram' (Grant 1986). If the geochemical 'fingerprints' of the two samples showed an
almost perfect relationship, the muds were deemed to have been emplaced during the same event.
Results of the analysis and further explanation may be found in Chapter 3.
1.3.8 X-ray Diffraction analysis
X-ray Diffraction (XRD) is used to determine the proportion of the clay and bulk minerals within a
sample. Analysis was completed on gravity flow deposits from the Herodotus Basin to identify their
provenance and on the Sicilian-Tunisian Platform sediments to try to determine any variation in
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sediment source throughout one particular unit. The former was successful, delineating the
differences between the composition of the discretely sourced flow deposits. However, the Sicilian-
Tunisian Platform analysis only proved the relative homogeneity of the sediment and the results are
not presented within this dissertation.
Each sample was analysed for both its clay (^m) and bulk O^m) mineralogy during the XRD
analysis.
Clay mineral analysis preparation involved treating the sample with 10 % acetic acid and
ultrasonic bathing to remove any calcium carbonate. Once rinsed, 1 % Calgon solution was added in
order to suspend the clay minerals. The unsettled fluid was poured into a plastic test tube and placed
in a centrifuge for three minutes at 750 rpm to remove any further coarser sediment. Transfer of the
unsettled clay sediments into a beaker with a few millilitres of magnesium chloride (MgC^) allowed
the clay to flocculate. The clay fraction of the sample was then centrifuged at 3000 rpm for 10
minutes, was decanted, agitated with water, and finally re-centrifuged at 3000 rpm. Once the clean
water had been removed, the clay mineral sample could be seen as a small concentration at the base of
the tube. The sample was smeared onto microscope slides and dried to air temperature, 375 C, 550
C and glycolated at 55 C. The different treatments allow the identification of the four main clay
mineral groups; being Kaolinite, Chlorite, Smectite and Illite (see Figure 1_4). All samples were
analysed on a Philips PW1730 X-ray diffractometer between 29 angles 2-17 (Air-dried, 375 C, 550
C) and 2-40 (glycolated), with guidance offered by Mr R. Saunders. Peaks in intensity were
measured using an in-house computer-based mineral identification programme (XRDv3 programme
by T. Clayton, University of Southampton).
Bulk analysis samples were prepared by drying 0.5 g of sample, grinding it to a fine powder and
placing it in an adapted sediment slide-holder. The analysis was completed between 2-70 (29) and
peaks analysed accordingly (see Figure 1_4).
1.3.9 Micropalaeontological Analysis
All micropalaeontological analyses were completed during the MD81 cruise, with the biozonations
described in the cruise report (section by G. Kahler and M. Dossi, 'Micropalaeontology,' p. 40-63).
Interpreted dates have been included in this report as a first-order indication of depositional age or
where no other dating has been completed.
The micropalaeontological analysis included the interpretation of foraminiferal assemblages and
first and last occurrences and dominance of nannofossil species. Assemblages were used to identify
warm and cold climatic periods and dates were obtained using the generalised coccolith distribution
ofKidde/a/. (1983).
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Bulk mineralogy
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Figure 1_4. X-ray Diffraction (XRD) results for bulk and clay mineralogical analyses.
a) example of a bulk analysis trace showing the intensity of reflection of X-rays from the surfaces
and lattices of different minerals in the sample. Calculated abundances are shown.
b) the four traces produced for clay mineralogical analysis and the calculation of the relative
percentages of the main clay mineral groups.
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1.3.10 AMS Radiocarbon (I4C) Dating
Estimations and micropalaeontological ages obtained for emplacement dates of the Herodotus
Basin gravity flows were superseded by the completion of Accelerator Mass Spectrometer (AMS)
Radiocarbon (14C) Dating. A successful application to the Natural Environment Research Council
(NERC) for funding allowed the dating of 10 samples from the Herodotus Basin cores. Staff at
NERC's Scientific Services Radiocarbon Laboratory, East Kilbride, completed the analysis.
Preparation of the 10 samples involved the collection of planktonic foraminifera from pelagic
horizons overlying and underlying turbidites. The AMS radiocarbon dating method of Thomson &
Weaver, (1994) was used. It entailed sampling the entire pelagic horizon above the turbidite, together
with the top 10-15 cm of the underlying turbidite (Figure 1_5). This ensured the collection of any
forams reworked by burrowing fauna into the top of the turbidite mud. Larger planktonic
foraminifera are expected to be the least susceptible component of the pelagic interval to be
redistributed by currents and thus the most suitable for dating. Sieving of the pelagic and turbidite
mud obtained the >150 m size fraction and the clean planktonic foraminifera and pteropods were
selected. All other bioclastic and lithic material, together with forams and pteropods contaminated
with sediment were removed from the >150 m sieved fraction by hand picking.
Corrections needed to be applied to the raw 14C dates and accounted for the relationship between
the radiocarbon and calendar timescales. Applying the correction factor:
'Calendar Years = 1.24
* (14C Years)
- 440' Bard et al. (1993)
Values include a correction of 400 years to account for the offset 14C age of the atmospheric and
oceanic mixed-layer reservoir (Stuiver 1990).
1.4 Glossary and History of Sedimentological Terms Used
As with any scientific discipline, accurate use of terminology is essential for clear understanding.
Within deep-water sedimentology, certain different terms and their usage are followed by different
workers. Although it is not the aim of this thesis to comment on these terminologies, it is important to
clarify just how the author is using these terms. The following section, therefore, presents a very brief
history of the main concepts and terms in deep-water research and how they are understood and used
in this thesis.
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Sampling method to obtain emplacement dates for turbidites
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Figure 1_5. The method of sampling foraminifera to obtain AMS Radiocarbon
(14C) emplacement dates for turbidites (after Thomson & Weaver, 1993).
a) Distribution of planktonic foraminifera within a deep-sea turbidite, showing
method of dating whereby the planktonic foraminifera deposited after the
turbidite emplacement remain separate from those deposited with the turbidite
at its base.
b) Diagrammatic representation of a core containing 2 turbidites, and illustrating
how these might be sampled for dating.
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1.4.1 History of deep-water research
This dissertation is primarily concerned with the analysis of sedimentation in the deep marine
environment. It was expected before the commencement of this project that, given the physiographic
setting of the study areas, the majority of sediments would be turbidites and debrites (gravity flows),
pelagites and hemipelagites (background sedimentation) and contourites (alongslope deposition).
However, this presupposition has only transpired after a considerable period of marine research and
development over the last 150 years. Not until the first deep marine survey by HMS Challenger in
1842-1846 was the pattern of seafloor sedimentology first revealed. The evolution and developments
of the earth scientist's understanding of the deep-sea allochthonous sedimentological processes are
presented in Figure 1_6, with the key pioneering studies outlined.
Historical work relevant to this thesis has included simulation of gravity and along-slope current
flows, mathematical computation of flow geometries and analysis and quantification of resultant
sediment deposits. The qualification of the sedimentary processes into facies models is by far the
most pertinent to this report, detailing the association of sedimentary structures, fabrics and textures
that make the combination of sand, silt and mud detritus discrete to one specific depositional style.
Synthesis of a large amount of observational data has allowed construction of the turbidite, debrite
and contourite facies models over the past 40 years. These can then be interpreted in terms of the
complex hydrodynamic fluid and plastic flow processes from which they are deposited (Figures 17
to 1_9). These models have increased in number and complexity as the technology has developed to
recover core sections that are less disturbed by the coring process. However, there is both some
overlap between models and a physical continuum between the processes responsible so that
unequivocal interpretation is not always possible, particularly where incomplete sequences are
preserved (Stow & Piper, 1984).|
1.4.2 Turbidites and Turbidity Currents
Of particular interest to this dissertation are the textures, geometries and recognition of thick large-
volume down-slope resedimented units commonly known as 'megaturbidites.' They are generally
considered to have been deposited from very large turbidity current events (Figure 18), with
difference only in the magnitude of the flow and the resultant sedimentary deposit. Chapter 7 will
discuss the characteristics and other nomenclature associated with these thick turbidity current
deposits.
The realisation that turbidity currents could indeed transport material so far from land was
revealed in the 195O's (Heezen & Ewing, 1952), accounting for the high proportion of graded
(upward-fining) sedimentary units seen on the deep, distal sea floor. The paradigm presented by
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Figure 1_7. Depositional processes of the deep-sea sediments noted during
the study of the MD81 cores.
a) 3D schematic representation of prominent sedimentation processes
b) Physical properties of sedimention processes (after Stow 1986)
c) Facies models for deep-sea sedimentation (see Figures 1_8 & 1_9, after
Stow 1994)
d) Depositional processes in the deep-sea (after Stow 1986).
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Figure 1_8. Flow characteristics and facies models for turbidity currents and turbidites.
A) The divisions of a turbidity current.
B) Schematic representation of the head of a turbidity current, showing the internal turbulent structure (left) and
the lobes and cleft and billows (right) forming at the front of the flow head (after Allen 1970; Edwards 1993).
C) Facies models developed for coarse-grained (Bouma 1962; Van der Lingen 1969; Hesse 1975), fine-grained
(Piper 1978; Stow & Shanmugam, 1980) and high-density turbidity currents (Lowe 1982). All facies models are
continuous, in that the high-density currents may be overlain by the coarse-grained and subsequent fine-grained
sediments.
PAGE 1-20 Figure 1_8Chapter l-introduction
Bouma (1962) concluded that most turbidites could be recognised by their organised internal
structures (Figure 1_8); a key concept which was used to interpret the depositional styles of the
sediments from this study. The refinements of this initial division, to encompass predominantly fine¬
grained flows, high- and low-density flows and combinations of flow processes, are shown in Figure
1.4.3 Debrites and Debris Flows
The dynamics of a debris flow contrast markedly with that of a turbidity current (Figures 1_7).
Whereas a turbidity current may entrain a significant amount of the interstitial water, the debris flow
process involves essentially a plastic deformation within the structure of the moving body. The
processes encompassing the term 'debris flow' are extensive in both transport mechanism and
magnitude of the event. Matrix strength of the flow is the main sediment support mechanism with
some sorting of larger clasts seen at the head and on the lateral part of the flow and buoyancy of these
clasts within the matrix (Johnson 1984; Mulder & Cochonat, 1996). The occurrence of debris flows
in the Herodotus Basin and the Sicilian-Tunisian Platform is limited to a couple of cored sections and
several inferred deposits imaged on the 3.5 kHz seismic profiler.
1.4.4 Slumps and Slides
Slumps and slides have not been sampled during the MD81 cruise, but their presence is inferred
from seismic profiles and bathymetric data (Chapters 4 and 6). The mechanism involves the
movement of coherent masses of sediment that are bounded on all sides by distinct failure plains
(Mulder & Cochonat, 1996). The distinction between a slide and a slump was proposed by Skempton
& Hutchinson, (1969) to be in their proportion of height (h) versus length (I). Slides tend to have
lower 'Skempton' ratios (h/l <0.15) and hence proportionally farther transport distances, compared
with slumps which have ratios in excess of 0.33. Other authors (e.g. Stow et ah, 1996) emphasise the
single glide plain at the base of a slide and little internal disturbance of the slide block compared with
additional deformed glide planes and greater internal disturbance in slumps.
The relationship between slumps and slides and megaturbidites will be discussed in Chapter 7.
1.4.5 Contourites and Contour Currents
Contourites were first described by Heezen and co-workers in 1966 as sediments deposited from
thermohaline-driven bottom currents that flow parallel to bathymetric contours (Hollister 1993).
These currents ('contour currents') are most commonly seen in the deeper marine environment.
However, other contouritic flows generated in shallower bathymetries by waves, tides, wind-derived
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surficial currents and even fluvial-driven lacustrine currents have also been described (see synthesis
by Faugeres & Stow, 1993).
Primarily, the intensity of the current carrying the sediment controls the textures and structures of
the contourite deposits, with stronger currents depositing coarser-grained sediments and removing
finer grain-size fractions. Consequently, weaker currents supply predominantly clays and silts,
known as 'muddy contourites' (Gonthier et ah, 1984). Contour currents produce current textures such
as ripple- and parallel-laminae, but due to the reworking of the sediments by burrowing fauna, these
are commonly destroyed (Faugeres et ah, 1984).
Much of the classification work for contour current and contourites has been completed by Stow,
Faugeres and co-workers, with a synthesis presented in their 1993 publication. The recognition and
differentiation between contourites and hemipelagites is very difficult, mainly due to the significant
amounts of bioturbation in both facies (Figure 1_9). The principle distinction between the two
sedimentary facies is from the recognition of grain-size fluctuations, by detailed
micropalaeontological study of reworked faunal assemblages, and by assessing the hydrodynamic
geography of the region during deposition of the sediments.
Of particular note to this dissertation is the thermohaline-driven current across the Sicilian-
Tunisian Platform and the sedimentation patterns it has produced during the late Quaternary (Chapters
5 and 6). Differentiation here is seen by typical morphological features created by contour currents
across the region. These include erosive scour and moats and contouritic mounds and drifts (Faugeres
et ah, 1984, see Figure 1_9).
1.4.6 Hemipelagites and Hemipelagic Settling
The process of hemipelagic and pelagic settling of sediments can be considered to be the
'background' sedimentation in the marine environment. The sediments are deposited primarily by
slow settling of biogenic and terrigenous detrital material by a combination of vertical (pelagic)
settling and slow lateral advection (Jenkyns 1986; Stow & Tabrez, 1998). Strictly, hemipelagites
should contain >5% biogenic material and a terrigenous component of >40% silt (Berger 1974), a
definition which most, if not all of the hemipelagic sediments in this study honour. Hemipelagites
from the Herodotus Basin and Sicilian-Tunisian Platform comprise a terrigenous input from the
Mediterranean borderlands.
One distinguishing factor between hemipelagites and gravity flow deposits is the abundance of
bioturbation throughout the sedimentary unit. Slow hemipelagic settling generally allows the
substrate to be thoroughly reworked by burrowing organisms, resulting in destruction of primary
sedimentary structures such as lamination and cross-bedding (Figure 19). This generalised facies
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Figure 1_9. The facies models and depositional bedforms for contourites and hemipelagites,
(after Faugeres et al., 1984 and Stow & Piper, 1984).
a) Some of the many common beforms recognised as being formed by bottom currents (after
Stow 1994).
b) The contourite facies model showing the typical arrangement of negatively to positively
graded couplets.
c) The hemipelagite facies model showing an alternation of biogenic-rich and clay-rich
intervals.
Both the contourite and hemipelagite sediment types are typically intensely bioturbated and
distinction between them is often only determined using grain-size and/or
micropalaeontological analyses.
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model (Stow & Piper, 1984) represents the widely recognised sedimentological textures and fabrics^
noted in hemipelagites. Composite facies models are presented by Stow & Tabrez (1998). The
similarity between hemipelagite and contourite models is evident in Figure 19. There is also a
process continuum between turbidity currents and hemipelagic settling, that results in deposition of
'hemiturbidites' ( Stow & Wetzel, 1990). The continuum between detritus settling through the water
column from a very low density turbidity current and that of purely hemipelagic settling is equally
difficult to distinguish in core sections. This discussion is elaborated upon in Chapters 4 and 7.
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2.0 Introduction to the Eastern Mediterranean Basin
Chapter 2 presents a brief overview of the physiography and sedimentary processes of the Eastern
Mediterranean and Herodotus Basin reported in previous publications. The study details the direct
and indirect effects of these processes on the first of the study areas and endeavours to introduce the
main geologically recent processes that have occurred during the period of sedimentation seen in the
five Herodotus Basin cores (the late Pleistocene epoch). The sedimentology of the Herodotus Basin
will be discussed individually and in detail in Section 2.6 and in Chapters 3, 4 and 7. Some of the
geological features described below are illustrated on the foldout sheet in Appendix A, others are
within the text. It is strongly recommended that this sheet be used as a reference tool in conjunction
with the reading of this chapter.
2.0.1 Geographic Setting
The Eastern Mediterranean extends from the Sicily-Malta escarpment of the Ionian Sea in the west
(16E) to the Arabian continental margin of the Levantine Sea in the east (35-36E). This
approximately rectangular-shaped basin has the continental margins of Turkey and Greece bordering
to the north (36-37N), the countries of Lebanon, Syria and Israel to the east and Egypt and Libya to
the south (32N). The Eastern Mediterranean has two arcuate island belts; 1) The Hellenic Arc which
includes the Ionian islands (Kefallina and Zakinthos), Peloponnisos, Crete (Kriti), Karpathos and
Rhodes (Rodhos) and 2) The Cyprus Arc, which comprises the island of Cyprus and the Eratosthenes
seamount (see Appendix A). The region has two shallower neighbouring seas; 1) the Adriatic,
extending between Italy and Greece/Serbia/Croatia and 2) the Aegean Sea surrounded by the Greek
mainland and islands and Turkey. To the west are the western and central parts of the Mediterranean
Sea (see Chapters 5, 6 and 7).
Of particular interest to this dissertation is the Levantine Sea, to which most attention will be
concentrated. All the cores studied are from the Herodotus Basin.
2.1 Geology and Physiography of the Offshore region
The bathymetry of the Eastern Mediterranean (Ionian and Levantine Seas) contrasts strongly with
the predominantly smooth floor of the Western Mediterranean. Stride et al. (1977) commented on its
"broad, medial swell," generally attributed to the Mediterranean Ridge deformation caused by the
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collision between the African and Eurasian tectonic plates, whereas the Western Mediterranean is
bathymetrically relatively flat. The varying bathymetry of the east allows the region to be divided
into a number of provinces determined by their tectonic formation, style of sedimentation and water
depth (Appendix A).
This section details the progression from the depths of the Eastern Mediterranean Basin to the
shallow marine shelf environment, presenting the main physiographical features and consequential
effects on late Pleistocene Herodotus Basin sedimentation.
2.1.1 Deep Basins, Trenches and Abyssal Plains
The deepest parts of the Eastern Mediterranean Basin are the Tertiary Arc Systems, which form
trenches and deep basins delineated by a bathymetry that generally exceeds 3000 metres, (Figure 21
and Appendix A). The deep basins, trenches and abyssal plains are formed in four arcuate bands
across the Eastern Mediterranean.
1) The Southern Trough Complex
The first and most pertinent to this dissertation is the Southern Trough Complex. It comprises a
sinuous band of five deep marine troughs, basins and abyssal plains that includes the first of the two
main study regions.
a) Herodotus Basin: The Herodotus Basin is the first of the two study areas of this dissertation and a
detailed sedimentological synthesis may be found in Section 2.6, and Chapters 3 and 4. The basin
forms both the eastern most part and the largest depression of the Southern Trough Complex and
is situated between the deformational complex of the Mediterranean Ridge (Section 2.1.2) and the
sedimentary accumulation of the Nile Cone (Section 2.1.3, Cita et al., 1984a; Lucchi &
Camerlenghi, 1993). The Herodotus Basin is commonly delineated by the 3000 m isobath and is
elongate in a SW-NE orientation (Appendix A; Figure 21). The length of the basin is
approximately 400 km from SW to NE, whilst the width varies between 40 km in the furthest
south-west and north-east to approximately 100 km in the central regions. The area of the basin
at 3000 m is approximately 28,000 km2 with ponded sediment calculated to cover approximately
40,000 km2 (see Chapter 3.2). In places, there is an estimated 11 km of sediment overlying what
is believed to be Triassic oceanic crust (De Voogd et al., 1992). The Herodotus Basin has also
been referred to as an abyssal plain. However, for the purposes of this thesis, I prefer to use the
Herodotus Basin, as the bathymetry neither reaches the required depth of 4000 m to be termed
abyssal nor is it particularly planar in form, as noted by the seismic surveys across it (Figure 2_2).
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Figure 2_1. Physiography of the Eastern Mediterranean Basin and the location of cores containing the 3500 year old Eastern Mediterranean Homogenite. The Honiogenite is seen as an
Accoustically Transparent Layer (ATL) on the 3.5 kHz high-resolution profiles and as a homogeneous mud in three cores recovered from the Sirte Abyssal Plain and the Western Herodotus
Trough (cores LC14 and LC15 shown, MD81 cruise). The location map shows the cores collected from the 1984 study by Heike of the Ionian Abyssal Plain. All cores contain several metres of
the deposit believed to have been emplaced as a direct result of a tsunami wave, itself caused by the explosive eruption of Aegean volcano Santorini (Heike 1984; Cita et al, 1984b).
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Deformation in these regions has created ridges with heights over 500 m above the basin plain
floor (Lort et al, 1977).
b) Herodotus Trough: Named after the 5th century BC geographer, the continuation of the Herodotus
Basin westwards passes into the Herodotus Trough, forming a narrow depression to the north of
the Al Jebel Al Akhdar headland of Libya, at approximately 33N and between 21 and 24E,
(Appendix A). Little or nothing has been written concerning the sedimentary evolution and
physiography of this trough. Sestini (1984) mentions it as forming synchronously with the
Herodotus Basin and other depressions of the Southern Trough Complex during the early Pliocene
by tectonic downwarping of the region. Sandwiched between the steep, faulted-bounded slope of
the Libyan continental margin and the more gentle slope of the Mediterranean Ridge, the >2800 m
deep Herodotus Trough has probably filled with sedimentary material sourced from both of these
regions. During the Marion Dufresne Cruise 81 two long-piston cores were collected on the
western flank of the Herodotus Trough. Cores LCI3 and LCI4 are 25.08 and 26.83 m thick
respectively and contain homogeneous muds that dominate the two long-piston cores (Figure 21).
These muds, comprising graded, silty bases, are believed to relate to the 3.5 ka BP 'homogenite'
deposits following the Minoan eruption of the Santorini volcano (Cita et al., 1984b; 1996a; Heike
1984). The Hellenic Arc volcano is reported to have erupted with such force it created a tsunami
wave that effected the coastline and shallow seas of the Mediterranean, causing localised collapses
on bathymetric highs and causing large-scale collapses of the North African coastline (Cita et al.,
1984b; 1996a). The sediments from the Herodotus Trough and other similar deposits are
discussed in Chapter 7.
c) Sirte Abyssal Plain: The Sirte Abyssal Plain, to the NW of the Al Jebel Al Akhdar headland of
Libya abuts abruptly against the Mediterranean Ridge, (Figure 2_1). The studies of the Sirte
Abyssal Plain by Kastens & Cita, (1981) and Rimoldi (1989) consider the late Quaternary
sedimentology of the basin. Rimoldi (1989) postulated that the path of turbidity currents across
this >3000 metre deep plain culminated in an upslope flow and deposition onto the southern side
of the Mediterranean Ridge. Turbidites are seen up to 600 metres above the plain floor with an
estimated 24 km of lateral upslope transportation of the larger-scale gravity flows. One core was
collected from the Sirte Abyssal Plain during the Marion Dufresne cruise 81, this being core LCI5
on the southeastern margin. Once again the 24.45 m length of the core was dominated by an olive
grey, homogeneous silty mud which is speculated to be related to the other, homogeneous muds
seen in the Herodotus Trough (see Figure 2_1 and discussion in Chapter 7).
d) Ionian (Messina) Abyssal Plain: The Ionian Abyssal Plain forms the westernmost deep marine
basin of the Eastern Mediterranean. It is bounded to the west by the steep, faulted margin known
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as the Sicily-Malta Escarpment and is narrowed in width to the east by the trend of the
Mediterranean Ridge. The sedimentology of the abyssal plain is dominated by the tectonic regime
of the region, with gravity deposits from the western, northern and southern margins prominent in
the stratigraphy (Kastens, 1984). A stark difference exists between the sedimentary patterns of the
Ionian and Levantine basins (Cita et al, 1984b). The glacio-eustatic climatic signal is well
expressed in the Levantine Basin (see Chapter 3.3), where the source areas are situated
consistently in the south (aseismic African Margin) and reflected by varying output from the Nile
river. The Ionian Basin on the contrary, has no glacial-eustatic signal and comprises strongly of
tectonic overprinting from the active northern continental margin of the Mediterranean. Kastens
(1984) noted the tectonic influence on the Ionian Abyssal Plain, characterised by abundant debris
flow and turbidity flow deposits derived from the Malta-Sicily Escarpment, (Appendix A). The
pre-Holocene sediments comprise debrites with pebble to cobble size Mesozoic and Cenozoic
clasts (Cita et al., 1996b) and terrigenous and hemipelagic-derived turbidites. In comparison to the
Levantine Basin higher sedimentation rates were noted in the post-Holocene sediments of the
Ionian Abyssal Plain. This was explained by Heike (1984) and Cita et al. (1984b) to be directly
related to the emplacement of the Minoan Homogenite and was deposited synchronously with the
acoustically transparent, fine-grained muds noted in Figure 21. The characteristics and
emplacement of the Homogenite will be discussed in Chapter 7.
2) The Hellenic Trough Complex
At the southern margin of the Hellenic Arc group of islands are a number of narrow depressions
that represent the deepest waters of the Mediterranean, reaching depths over 5000 metres. The
Hellenic Trough Complex has been divided into three distinct provinces based on their relative
locations. Collectively, they are important to the evolution of the Herodotus Basin, as they have
trapped sediment, thus preventing Hellenic Arc-derived sediment from reaching the basins of the
Southern Trough Complex. The three provinces are as follows:
a) The Ionian Trench is the most western expression of the Hellenic Trough Complex and is located
to the south of Peloponnese and Ionian islands. It comprises a number of smaller, localised basins
which contain up to 1000 metres of acoustically well stratified, unconsolidated terrigenous
sediments from the Quaternary period (Peters & Huson, 1985).
b) The Pliny and Strabo Trenches, commonly called the Hellenic Trench, are located directly to the
south-west of the island of Crete and form narrow, NE-SW trending, sub-parallel troughs. They
are reported by Stride et al. (1977), as being under-filled in comparison to the Ionian Trench due to
capture of sediments in smaller, shallower, localised basins nearer the Cretan margin. The two
trenches reach approximately 4800 metres in depth and Stanley (1980; 1981) noted a unique style
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of sedimentary gravity deposition in these trenches. He called these deposits 'Unifies,' and
characterised them as structureless, faintly laminated, often thick, mud layers revealing a fining-
upward trend that represent rapid, single event deposition from low-density gravity flows (see
Chapter 7 for further discussion). The small, south-western sub-basins of the Strabo Trench have
been studied by Erba et al. (1987) and Camerlenghi & Cita, (1987), amongst others, with the
discovery that the small Tyro Basin is presently anoxic and the Kretheus Basin was anoxic until the
beginning of the Holocene (approximately 10,000 years before present). The Kretheus and Tyro
basins also contain 28 cm and 235 cm of the Minoan Homogenite in their upper stratigraphic
column, demonstrating the influence of this event south of Crete.
c) The Rhodes Basin follows the NNE-SSW orientation and curvature of the Hellenic Trough
Complex to the east of the Pliny and Strabo Trenches. It has little bearing on the evolution of the
Herodotus Basin except in preventing material reaching the Southern Trough Complex.
3) The Cretan Trough
This trough in the Aegean Sea has little influence on the sedimentological evolution of the
Herodotus Basin as it acts as a deep sedimentary trap for the terrigenous detritus from the northern
margins of Crete and smaller islands of the Hellenic Arc.
4) Cyprus Arc Basins
Three basins are noteworthy in the south-eastern extremities of the Mediterranean being the small
Eratosthenes Abyssal Plain to the NW of the Eratosthenes Seamount, the Levant Basin to the east of
the Nile Fan and the Cyprus Basin to the south-east of Cyprus. These basins are predominantly filled
with sediments derived from the local islands or bathymetric highs, from direct turbidite sedimentation
from the Levantine Platform and also from sediments winnowed from the Nile Fan by the eastward
flowing, anticyclonic Mediterranean Geostrophic current (Maldonado & Stanley, 1978; see Appendix
A).
2.1.2 The Mediterranean Ridge
The Mediterranean Ridge (also known as the Mediterranean Rise, the Eastern Mediterranean Ridge
and Hellenic Outer Ridge) forms a broad gentle bathymetric high along the length of the Eastern
Mediterranean Basin. It is an accretionary prism and has attracted much interest since the 196O's, due
to the characteristic seismic profiles obtained from over the area and the fact that it dominates the
Eastern Mediterranean Basin physiography. This curvilinear ridge extends over 1300 km in length
and ranges from 150-300 km in width (Chaumillon & Mascle, 1997). It rises 1-2 km above the
Page 2-7Chapter 2- The Eastern Mediterranean Basin
surrounding seafloor, to water depths varying between 1200 m and >3000 m. Flank slope angles
rarely exceed 2 (Limonov et al, 1996). It is characterised by small, closely spaced depressions and
ridges, commonly 50-100 metres high and with a wavelength in the order of 0.5 to 2 kilometres (see
Figure 2_2). This characteristic shallow profile led Hersey (1965) to name the feature the
'cobblestone topography.' Further analysis of the structures revealed that the ridges are oriented
approximately parallel to the general curvature of the major ridge trend (Stride et al, 1977; Appendix
A). The Mediterranean Ridge is likened to an outer Alpine mountain belt, folded during the late
Miocene and emplaced as a consequence of the African-Aegean plate convergence, at a rate estimated
at approximately 4 cm/ka (Cita & Camerlenghi, 1990). The structure of the ridge is shown in Figure
2_2, with the high central zone extending over 100 km in width and the lower wavelength toe of the
ridge measuring approximately 25 km in width. The margins of the ridge are delineated by the
Hellenic Trench Complex to the north and the deformation front to the south (Fusi & Kenyon, 1996).
The Herodotus Basin abuts abruptly to the deformation front, noticeable by the prominent, regular,
sub-parallel seismic reflectors on both deep and shallow profiles (Figure 2_2). The intense
deformation has taken place on the weak foundations and glide plain of the thick Messinian evaporitic
sequence (Belderson et al, 1978; 1981; Kenyon et al, 1982; Cita & Camerlenghi, 1990). This
unstable foundation, together with deeper-rooted diapiric escape of gas saturated muds have created
the complex bathymetry (Figure 2_2). Indeed, recent geological study has concentrated on the
processes and significance of the mud breccias created at the axial zone volcanoes (Camerlenghi et
al, 1992; Cita et al, 1996b).
2.1.3 Continental Margins surrounding the Herodotus Basin
Whereas the Mediterranean Ridge (Section 2.1.2) marks the NW boundary of the Herodotus Basin
and apparently supplies relatively little sediment to the basin, the other margins all allow some
sediment input. These include the Nile Fan, the Anatolian Slope and Rise and the Egyptian/Libyan
Slope. Direct input from the Eratosthenes Seamount and associated diapiric highs has not been
demonstrated.
I) The Nile Fan
Numerous publications have been written concerning the sedimentology and physiography of the
huge sedimentary accumulation of the Nile Fan. This large, deep-sea sedimentary fan-shaped deposit
began to accumulate in the early Pliocene, receiving sediment from the Nile Delta and River (Mart,
1993). The Fan is a cone shaped slope-and-rise depositional system covering an area of more than
70,000 km2 and occupying an estimated volume of 400,000 km3 of late Tertiary and Quaternary clastic
sediments, (Ross et al, 1978). The average sediment thickness has been calculated as
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approximately 2 km, giving local sediment accumulation rates in excess of 40 cm per 1000 years
(Mart, 1993). The basal contact of the fan is seen to be erosive, with incision into the underlying pre-
Messinian marls and evapontes, creating a discrete seismic reflector known as 'P' (Figure 2_3).
The fan is divided into two distinct physiographic provinces based on sedimentation, location and
deformation. The western sector that has the greatest effect on the Herodotus Basin is known as the
Nile Cone (Ross & Uchupi, 1977; 1979), or the Rosetta Fan (Emery et al, 1966). The eastern sector,
known as the Levant Platform (Ross & Uchupi, 1977; 1979), or the Damietta Fan (Emery et al, 1966),
has had little direct effect on the Herodotus Basin, except for trapping sediment in the deformed
topography, hence preventing supply to the basin plain.
a) The Nile Cone (or Western Fan): is described as a gently undulating, seaward-dipping structure
that shows minor effects of faults and diapirs, with intensity increasing towards the Mediterranean
Ridge (Mart, 1993, see Figure 23). On the lower and central cone sinuous channels are present,
delineating pathways of turbidity currents to the Herodotus Basin (Stride et al., 1977, see
Appendix A). On seismic profiles, the Nile Cone is characteristically well-layered, except for
minor faults that offset the upper sedimentary sequence (Ross & Uchupi, 1977). The occurrence
of Nile Cone derived sediments on the Mediterranean Ridge suggests that the Cone has previously
effected a much broader area. It has been reduced to its present size due to uplifting and folding of
the Mediterranean Ridge (Maldonado & Stanley, 1978; Cita et al, 1984a; Lucchi & Camerlenghi,
1993), winnowing by the anticyclonic Eastern Mediterranean Gyre and lowered input from the
Nile River (Said, 1990; Mart, 1993).
b) The Levant Platform (or Eastern Fan): is an intensely faulted and deformed region with WNW-
ESE trending elongate ridges caused by salt diapirism. This has created escarpments and grabens
that give abrupt changes in bathymetry (Mart, 1993). The sediment distribution of the Levant
Platform probably also covered a larger area in the Pliocene but was reduced to its present
dimensions by faulting, diapirism, reduced rates of deposition and bottom current winnowing
(Ross et al, 1977). The deformation of this region extends onto the NE extremities of the
Herodotus Basin, having an effect on the course of the down-slope sedimentation during the late
Pleistocene (see Chapter 7 and Figure 2 j>). This platform effectively prevents material from the
Lebanese and Israeli margins from reaching the Herodotus Basin.
2) The Anatolian Slope and Rise
The Anatolian Rise (or Florence Rise) forms a gentle incline from the northern extremities of the
Herodotus Basin to the narrow steeper slopes of Cyprus and Turkey. Sedimentation in these areas is
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poorly represented in the literature but comprises biogenic carbonates and limited continental
sedimentation from the island of Cyprus. The rise is considered to be a source for thin, localised
turbidites seen in the late Pleistocene fill of the Herodotus Basin, and is discussed in more detail in
Chapter 3.1.
3) The Egyptian/Libyan Slope
The continental slope along the Libyan and Egyptian margins provides significant input into the
Herodotus Basin from the south. The slope adjacent to the study area is very steep (between 3 and 6)
and is characterised by an abundance of canyons and sediment pathways (Cita et al, 1984a, see
Figure 2_4). These canyons are eroded features caused by mass-wasting along the continental
margin, present since Late Tertiary tectonic activity downfaulted the region to the north. The tectonic
oversteepening of the slope and instability of sediments led Sestini (1984) to call the Northeast
African slope 'the unstable margin.'
The shelves of the SE Mediterranean are generally narrow with an average width of approximately
20 km. The exception is around the mouths of the Rosetta and Damietta where the width varies
between 48 to 64 km and to the east towards the Israeli margin where it is approximately 40 km wide
(Carter et al, 1972; Mart, 1993, see Appendix A). Between the Nile Delta and the Gulf of Salüm, the
NW-SE-trending shelf is on average only 7 km in width, controlled by the normal faulting along the
margin (Figure 2_4). Farther to the west it broadens to 25 km before decreasing to less than 5 km
between the Al Jebel Al Akhdar headland and the deep Herodotus Trough.
The sedimentology of the shelf is poorly documented but analysis of the turbidites in the Herodotus
Basin cores show a mixed composition of bioclastic shelfal material and terrigenous silts and muds
(see Section 2.7).
4) Eratosthenes Seamount and associated highs
The deformation on the outer fan and the Mediterranean Ridge is related to the Messinian
evaporitic sequence, marked on seismic profiles as seismic reflector 'M' (Kenyon et al, 1975; Smith,
1976; Mart, 1993). The acoustically transparent 'M' reflector represents the base of an evaporite
sequence, on which the majority of the Nile Cone and Herodotus Basin sediments have been deposited
(Figure 2_3). These structurally weak evaporites have acted as 'glide plain' surfaces for the
diapirism, creating the topographic high of the Eratosthenes Seamount and the other associated highs
(Kempler et al, 1996). Extensive diapirism along the northern and eastern margins of the Nile Fan is
noted by the presence of local domes, elongated ridges and, in places, rounded or elongated
depressions on the seafloor (Kempler et al, 1996).
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Libyan/Egyptian Continental Slope and Shelf
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Figure 2_4. The steep slope and narrow shelf of the NE African Shelf shown by a
line figure from Ross et al. (1978) and a 3D visualisation rendered from raw data
manipulation of the Gebco Digital Atlas (1994). 'Q' relates to the interpreted
seismic base of the Quaternary sedimentary succession and 'P' is the base of the
Pliocene sedimentary sequence. Contours on the 3D figure are at 100 m
intervals, with the Herodotus Basin shown as red shading at a water depth of
3000 m.
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2.2 Morphology of the Onshore Region
Sediment supply to the Herodotus Basin has been dominated by the structural and climatic effects
within the drainage basin of the Nile River and the north-eastern region of the African Continent. The
provenance and hence composition of the sediment is controlled by the hinterland geology and fluvial
drainage pattern across Egypt and Libya. This section introduces the changes in those patterns
through the late Pleistocene epoch.
2.2.1 The River Nile and Nile Delta
The Nile is a fairly young river (late Tertiary) that drains the East African and Ethiopian plateaux
and supplies sediment to the south-eastern Mediterranean Sea. It is the world's longest river at
approximately 6600 km with a drainage basin of about one tenth the size of Africa (3 million km2,
Mart, 1993; Said, 1990). The river has changed its course and source many times, having a direct
effect on the sedimentary patterns and processes in the Herodotus Basin. In the 5th century BC the
Greek geographer Herodotus reported seven active distributaries of the river and named the region a
delta, as it resembled in the Greek letter A (delta). Only two distributary branches exist today, the
Damietta (east) and Rosetta branches (west, see Figure 2_5). Even these two branches do not always
reach the sea due to the construction of coastal barrages (Ross et al., 1978).
The delta is one of the world's largest at approximately 22,000 km2 and has prograded seaward
during the present century at an average rate of 10-15 metres per year, until 1964 and the construction
of the Aswan High Dam (Ross et al, 1978; Harms & Wray, 1990). Goldsmith & Golik (1980)
reported on severe coastal erosion at the present day due to the negligible sediment discharge of the
river, and noted serious concerns of the coastal erosion and retreat of up to 100 metres in recent
historical times. The Nile Delta has prograded and receded numerous times since the Late Miocene in
response to the supply from the many generations and sources of the river. Said (1981, 1990) has
reported in detail on the development of the Nile River and Delta determining that there have been
five main predecessors to the present river.
The fluvial system started to develop in the late Miocene (Messinian) when it excavated the
Egyptian plateau in response to the lowering sea level of the desiccating Mediterranean (Said, 1981).
The sedimentary output from this excavation can be seen on profiles across the Nile Fan, marked by
the unconformable 'P' seismic horizon (Figure 23). Termed the Eonile, the river had intervals of
lowered flow (recession) and non-deposition of sediments in the Nile Delta and offshore Nile Cone.
Deposition has also been controlled by marine transgressions, which transformed the drowned Nile
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Figure 2_5. The evolution of the River Nile (Said 1981 & 1990). A) The numerous
distributaries recorded by the Greek philospher, geographer and writer Herodotus in the 5th
Century BC. B) The relationship between the many phases of evolution of the Nile, sea
level and climate, with the important Neonile stages shown in red.
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into a long and narrow gulf during the Middle-Upper Pliocene. Tectonic activity in the Red Sea
region at this time not only provided an uplifted source for the river but also closed the Mediterranean
- Red Sea gateway, land-locking the Mediterranean to the east. The Upper Pliocene river (Paleonile)
was sourced from this uplifted Eastern Desert and Red Sea Hills and the delta region was brackish
with a cooling of the climate. Approximately 700,000 km3 of sediment was deposited in the delta
during this period (Said, 1981). The Early Pleistocene river (Protonile) deposited cobble and gravel-
sized sediments in the present-day delta region as the climate remained cool and wet. Tectonic
activity in the Red Sea region then severed links with the source of the river and no sediments were
deposited during a transitional period to the Middle Pleistocene. New connections were developed
during the Middle Pleistocene (Prenile) to the Ethiopian highlands with the capture of the Blue and
Atbara tributaries and the most recognisable form thus far of the present day river was formed. The
source and composition of the sediments can be considered very similar to those deposited today
(Ross et al., 1978; Ryan, Hsu et al, 1973). The river flowed from approximately 700 ka to 400 ka
and, although the climate was becoming more arid, the flow was 'vigorous and competent,' (Said,
1990). Uplift of the Ethiopian highlands (Nubian Massif) restricted the size of the drainage basin and
reduced the river to a very low flow with deposition of conglomerates and gravels during heavy
storms.
The most important generation of the Nile for evolution of the Herodotus Basin is the Pleistocene
' Neonile,' flowing from approximately 400 ka BP to the present time. The late Pleistocene river was
only one fifth the size of the Prenile and was interrupted by long periods of minor flow (recession).
The Neonile has been divided into four separate periods of flow which have a direct link to the
climatic controls on the region. These flows, termed a (alpha), ß (beta), % (gamma) and 8 (delta),
correspond to pluvial climatic intervals, (Figure 25). The climate is discussed individually in Section
2.5 and the effect on the sedimentary input to the Herodotus Basin is discussed in Chapter 3.2.
a Neonile. Approximately 400,000 years before present the Neonile started flowing into Egypt but
was immediately affected by a long recession with limited flow. The Neonile deposited thin silts
(a-silts) whilst, locally, conglomerates were deposited during the pluvial periods of the long
recession.
ßNeonile: Extending from approximately 60 to 50 ka BP the ß Neonile represents a period when the
river and delta went through an aggradational phase. Equal rates of sedimentation and
accommodation space due to lowering eustatic sea-level and subsidence of the region led to the
increased accumulation of sediments in the present-day delta and fan regions (Said, 1990).
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% Neonile: As a direct continuation of the ß Neonile, the x Neonile was swamped with flood deposits
comprising molluscs and silt rich in human artefacts. During the last glacial maximum (22 ka BP,
CLIMAP, 1976) the river passed into a recession, with red-beds deposited in the river channels
and local wadi conglomerates dominating the stratigraphy. From 15 ka to 12 ka BP the humidity
had returned to the region as the climate began to warm considerably. The resultant more vigorous;
river deposited organic-rich sediments in the Delta and Fan.
SNeonile: This genesis of the Neonile is the present-day river, which has developed since the last sea
level maximum at approximately 10 ka BP. The arid hinterland reduced the river flow
considerably, culminating in the continued seasonal flow noted in recent times. Prior to the:
construction of the Aswan High Dam, the discharge of the Nile River was 120 million m3 of
sediment per year. This comprised mostly silt and clay with peak flows up to 75 million m3 of
sediment during the August-September flood season (Said, 1990). Post-construction of the dam
has seen an encroachment of the sea onto the low-lying delta due to the negligible sediment output
from the river.
b) The Libyan and Egyptian Onshore Geology
The coastline between Northern Sinai in the east and the north-eastern continental margin of Libya
has a mixed carbonate and clastic sedimentology. Sestini (1984) reports on five prominent Mesozoic
to recent sedimentary cycles, based on major transgressions and regressions, most of which are
related to the global sea level variation (see Figure 2_6). The division of the different sedimentary
facies is shown to vary considerably between the Al Jebel Al Akhdar uplift of Libya to the coastal
Western Desert and east of the Nile Delta. The succession is generally of a Carboniferous to Late
Cretaceous shallow marine and lagoonal/deltaic setting, with a transgression to an open marine
environment during the latest Cretaceous, Eocene and Oligocene. A regressive cycle during the
Miocene and Pliocene shows a return of the shallow marine deltaic facies (Sestini, 1984).
Some areal distinction can be made between the three sites analysed by Sestini (1984). The region
between the west of the Nile Delta (west of Wadi Natrun) and the NE Libyan headland displays a
predominant carbonate sedimentology, whilst the region to the east of the Delta has proportionally
more clastic input throughout the Mesozoic and Cenozoic (Figure 26).
The Quaternary sedimentary geology is summarised by West et al. (1983) and presented in Figure
26. The extent of the beach and dune carbonates west of the alluvium Nile Delta displays similar
distributions to the Mio- Pliocene stratigraphy presented by Sestini (1984). Additional note is drawn
to the large amount of Quaternary evaporitic sedimentation along the length of the Egyptian coastline.
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2.3 Tectonic Framework and Seismicity
The tectonic framework of the Eastern Mediterranean (Appendix A) has controlled the
sedimentological style in the region since closure of the Tethys Ocean at the end of the Mesozoic.
The boundary between the Eurasian and the African plates, formally the suture between Eurasia and
Gondwana, has been the focus of tectonic activity and changing geography since the Triassic
(Laubscher & Bernoulli, 1977). The effect of this closure is seen across a broad collision zone
extending from the western extremities of the Western Mediterranean to the Himalayan mountains.
Since the Triassic there has been a complex motion of the Eurasian and African Plates, exacerbated by
interaction and rotation of the Adriatic and Aegean microplates. The resultant geotectonic jigsaw is
presented in a simplified figure in Appendix A, detailing the main sections and faults of the Eastern
Mediterranean region. The generalised picture is of the African plate subducting beneath the
Eurasian, with most of the relative motion being absorbed along the Calabrian, Hellenic and Cyprus
Arcs (Ben-Avraham et al., 1987; Rotstein & Ben Avraham, 1985; Section 2.1.1). In the southern part
of the eastern Mediterranean several morphological features seem to form an almost continuous line
extending approximately 1000 km from the base of the continental slope of eastern Libya and western
Egypt to the Sicilian-Tunisian Platform (Appendix A). Sestini (1984) and Ben-Avraham et al. (1987)
noted that this strike-slip fault system with large amounts of associated normal faulting occurred at the
oceanic-continental lithosphere transition and effectively absorbed some of the motion between the
plates. The axis of this dextral strike-slip faulting forms the deeps of the Southern Trough Complex
basins, which includes the Herodotus Basin. The NW trending fault system in the Levant is a regional
phenomenon and probably originated during the middle Miocene opening of the northern Red Sea and
was reactivated in the Pleistocene due to loading of sediments and regional subsidence (Stanley,
1977).
The tectonic framework of the Eastern Mediterranean has affected the evolution of the Herodotus
Basin by not only creating it but also by producing an adjacent varied bathymetry for sources of
sediment and an unstable tectonic regime. Appendix A shows the locations of the seismic activity
between the periods of 1901 to 1971 (Papazachos, 1973). The foci of the quakes can be directly
associated with the major faults and subduction across the region and may be divided into 3 separate
areas, related to physiography, frequency and intensity.
a) African Margin Earthquakes
Historical earthquake activity in Egypt and Libya has been documented over the past 4800 years
and instrumental readings have been made since 1899. The region of greatest seismic shock and that
which most affects the Herodotus Basin study area is located around the Nile Cone, particularly
offshore Alexandria (Kebeasy, 1990). Several earthquakes have been reported in this region but have
a low periodicity and low magnitude (Papazachos, 1973; Pirazzoli et al., 1996).
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Analysis of microshocks in the northern region of Egypt by Kebeasy (1990) reveal a cluster of
M<5 Richter Scale shocks around the Nile Delta and Cone. These are attributed to the fault belt of the
Red Sea - Alexandria Trend. Analysis of the Nile Cone earthquakes by Kebeasy (1990) suggested
that, on a 200 km radius around Alexandria, the largest event expected is estimated to be between
magnitude 6.3 and 6.7, with a frequency of eight per thousand years. Some large shocks have been
noted in historical records, including the magnitude 7 event of 1303, the 1955 M= 6.1 event and 1974
event M= 4.9, all located on the Nile Cone adjacent to Alexandria (Kebeasy, 1990). In historical
times, a destructive tsunami wave partially submerged the city of Alexandria following the 8th August
1303 shock (Kebeasy, 1990).
Therefore, although the Northern African margin is considered to be the passive counterpart of the
Mediterranean region it has almost certainly experienced many sizeable shocks since the late
Pleistocene. This has direct relevance to the flux of sediment into the Herodotus Basin, with
earthquakes considered to be one of the major catalysts for turbidity current initiation (see Chapters 4
and 7 for discussion).
b) Mediterranean Ridge Earthquakes
The accretionary processes at the Mediterranean Ridge have caused many earthquakes. Records
for the period 1901 to 1971 show almost double the frequency compared to the North African margin
but a similar range in intensity (Papazachos, 1973, see Appendix A). Sedimentologically, seismicity
may have created slump, slide and debrite deposits in the Herodotus Basin, but is expected to only
have given local sedimentation between steep ridges and troughs of the complex (Cita et ah, 1984a).
c) Distal Earthquakes
It is evident from the distribution and magnitude chart presented by Papazachos (1973) that the
largest and most frequent occurrence of seismic activity is along the northern Mediterranean margin.
These events are associated with the major plate boundaries and the subduction zone where the
African plate flexes beneath the Eurasian plate. Although the distance from the Herodotus Basin is
large, the biggest events have been known to affect a sizeable area. For example, an earthquake
reported in 221 BC in Italy caused considerable damage in both Libya and Egypt (Kebeasy, 1990),
suggesting that this and a multitude of similar shocks could cause instabilities in the sediments along
the Libyan/Egyptian shelf and slope and on the Nile Cone.
2.4 VOLCANISM
Keller et al. (1978) reported on the occurrence of over 20 airborne tephra layers in the Upper
Quaternary sequence of deep-sea cores in the Eastern Mediterranean. These crystalline airfall
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deposits were shown to have been derived from 4 different provinces, with some single layers
traceable over 2000 km from source. The Eastern Mediterranean contains one of these provinces, the
Aegean Arc volcanoes of Santorini (Thira), Milos and others, whose eruptions have had a
considerable influence on the sedimentology of the Southern Trough Complex. The giant explosive
eruption and caldera collapse of Santorini in c. 3600 BC buried an important Minoan city (Akroteni)
and created a massive tidal wave (Cita et al, 1984b; 1996a; Heike, 1984; Decker & Decker, 1998).
That tidal wave is believed to have led to deposition of the Homogenite bed found in many parts of
the Eastern Mediterranean, (Figure 2_1, discussion in Chapter 7).
The prevailing winds from the west would undoubtedly transport ash from the three other
provinces of the Central Mediterranean and Italian mainland to the Herodotus Basin region, but no
tephra were present in the MD81 cores. This was probably due to the high amount of sediment
reworking and continual deposition, eradicating any of these thin allochthonous horizons. Turbidites
from the Herodotus Basin do contain volcanic grains, but it can not be determined from which
volcanic source they are derived.
The only volcanism reported in the African region is associated with the opening of Red Sea in the
early Pliocene (Meneisy, 1990), detrital grains of which may have been carried down the Nile River
to the Mediterranean Sea.
2.5 Physical Oceanography and Climatology
The climate and oceanography have a close relationship across the entire Mediterranean and
similarities can be drawn between the patterns of the Levantine Basin and the Sicilian-Tunisian
Platform and the global climate (Chapter 5.4). The climatic and oceanographic control on the late
Quaternary sedimentation for both of the study areas is discussed in the papers in Chapters 3.2 and
6.1. This section outlines the prominent features of the late Quaternary climate and oceanography as
an introduction to the processes that influenced the patterns of sedimentation and sedimentological
processes of the Mediterranean basin.
2.5.1 Eastern Mediterranean Climate
Historically, the method of determining climatic changes in the Mediterranean region has been to
analyse the pollen and foraminiferal assemblages in deep-sea cores (Cita et al, 1977; Herman, 1989;
Cheddari et al, 1991; Cheddari & Rossignol-Strick, 1995; amongst many others). Of particular
interest has been the twelve sapropel layers that occur in the top ten metres of pure pelagic sediments
(Hilgen, 1991; Bethoux, 1993; Rohling, 1994; Aksu et al, 1995; Cramp & O'Sullivan, 1996; amongst
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many others). The distinctive, black, organic-rich sediments can be used as chronostratigraphic
marker beds, allowing correlation from basin to basin where they occur. They display good fossil
preservation and represent periods of basin anoxia, relating directly to climate-induced oceanographic
controls in the Mediterranean. A climatic curve, based on the foraminiferal and palynological studies,
is presented in Appendix A and can be considered as valid for the entire Mediterranean region. The
isotopic analysis of planktonic foraminifera (e.g. Shackleton, 1987) has been used in Chapter 3.2 to
determine the climatic, sea-level control on sedimentation styles in the Herodotus Basin.
As noted previously, the deposits of the River Nile and Nile Delta can be directly related to the
regional Eastern Mediterranean climate (Section 2.2.1). The present-day dry climate extends as far
back as the Pliocene/Pleistocene transition, when the relatively low and ephemeral flow through the
Nile (Paleonile) introduced the characteristic aeolian sands into the Egyptian stratigraphic record
(Mart, 1993). These conditions prevailed forming a great desert belt across the northern margin of
Africa. However, Ross et al. (1978) stated that the late Pleistocene discharge of the river was
believed to be higher than during the more arid Holocene period, as marshes, lakes, and generally
humid conditions were common. These environments were noted by higher organic detritus contents
in the Pleistocene Nile Cone core sections (Ross et al, 1978).
2.5.2 Oceanography
The present day circulation in the Mediterranean can be divided into a number of discrete water
masses, showing characteristic densities, temperatures and velocities. Two particular masses are
dominant and influential on the sediment dispersal across the majority of the Mediterranean Basin,
namely the shallow Modified Atlantic Water (MAW) and the deeper Levantine Intermediate Water.
Chapter 5 will discuss the relationship between these two masses and their interaction across the
Sicilian-Tunisian Platform. In the Eastern Mediterranean, however, the circulation may be divided
into 1) Surface Water (<200m deep), 2) Intermediate Water (200-1000 m deep) and 3) Deep Water
(>1000 m deep, Moskalenko & Ovchinnikov, 1991). These three masses all have an anti-clockwise
rotation (Appendix A). However, sea floor bathymetry and climatic season control the velocity and
course of the currents (Moskalenko & Ovchinnikov, 1991).
a) Surface Water (Modified Atlantic Water)- has little penetration into the Levant Basin and generally
follows the Hellenic and North African coastlines. However, the weak anti-clockwise current has
been noted to transport clay minerals between these two locations (Venkatarathnam & Ryan,
1971). The temperature of this predominantly eastwards flowing water is 13-23 C and the density
is 37.4 %o (Stanley et al, 1975; Moretti et al, 1993).
Page 2-21Chapter 2-the Eastern Mediterranean basin
b) Intermediate Water (Levantine Intermediate Water)- forms by the sinking of surface water due to
marginally higher evaporation rates in the Eastern Mediterranean. This leads to an increased
density (38.7 %o) and lower temperature (14 C). The current flows along the base of the Eastern
Mediterranean continental slopes and across the Nile Fan, where it is responsible for removing
sedimentary material and transporting it eastwards to the Levant Platform. Here it is entrapped by
the undulating, deformed bathymetry (Ross et al, 1978; Stanley & Maldonado, 1978; Mart (1993).
c) Deep Water- results from the further sinking, cooling and increase in density of the LIW, and is
concentrated in the Hellenic and Southern Trough Complexes (Appendix A). Movement of this
water mass is constrained by the deep bathymetry and is believed to be of minor importance to the
redistribution of sediment (see Chapter 3). However, the presence of burrowing fauna in the top
few centimetres of the sediment column indicates that the movement of the current is sufficient to
oxygenate the sea floor.
The present circulation pattern of the between the Atlantic Ocean and the Mediterranean Sea is
well known, with the MAW flowing eastward through the Strait of Gibraltar above the westward flow
of the LIW. During glacial periods, times of high organic input and high surface water runoff, the
circulation pattern in the Eastern Mediterranean is believed to have changed (Maldonado & Stanley,
1979). The authors believe that a decrease in evaporation and an increase in precipitation and fluvial
runoff caused the LIW to become surface water, reversing the current regime of the Mediterranean.
This topic is discussed further in Chapters 5 and 6. However, such global climatic events are believed
to have led to subsequent stratification of the water mass in the Eastern Mediterranean (Bethoux
1993; Higgs et al. 1994; Rohling 1994; Aksu et al. 1995). In the five Herodotus Basin long-piston
cores, organic-rich, dark-coloured, laminated sediments known as sapropels, can be identified. These
relate to periods of anaerobic deep-water formation and in total 12 sapropel layers are present within
Eastern Mediterranean Quaternary stratigraphy, demonstrating that climate and oceanography play a
major part in sediment distribution and sedimentary processes (Hilgen 1991, Kempler et al., 1996).
2.6 Previous Sedimentological Studies of the Herodotus Basin
There have been relatively few publications, to the author's knowledge, that have directly tackled
the late Quaternary sedimentation of the Herodotus Basin. This section gives details of those papers,
concentrating on the sedimentological processes and conclusions of the studies and elaborating on any
data not referred to in the papers presented in Chapters 3 and 4.
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2.6.1 Cita et al. (1984a). 'Turbidites and Megaturbidites from the Herodotus Abyssal Plain
(Eastern Mediterranean) Unrelated to Seismic Events.'
This paper represented the first published transect of the Herodotus Basin with the retrieval of nine
cores (five piston and four gravity) located on a SE to NW transect across the Herodotus Basin and on
to the lower Mediterranean Ridge (Figure 2_7). Prior to this study the only mention of the Herodotus
Basin had been as a trap for sediments from the Nile Cone (see Chapter 3.2.4) and a referral to
structural deformation in its far NE region (see Chapter 3.1.1).
The paper reports on the general sedimentology of the cores with sedimentary units correlated and
sources hypothesised for two 'grossly different types of thick graded units.' These turbidites were
named 'Type-A' and 'Type-B,' and differed in colour, mineralogy and geometry. The analyses
performed included Scanning Electron Microscopy (SEM) of the sand-sized fraction and x-ray
diffractometry (XRD) of the clay and silt fraction of the sediments to determine their provenance.
Nannofossil micropalaeontological analysis was used to determine the chronostratigraphy of the
turbidite sequence.
The analyses determined that the dark, fine-grained, terrigenous 'Type-A' turbidites were derived
from the Nile Cone to the south-east, whilst the pale brown, coarser-grained, carbonate-rich 'Type-B'
turbidites were derived from the Libyan/Egyptian shelf to the south and south-west (Figure 28).
Two prominent layers could be correlated between the nine cores. Layers alpha 'a' ('Type-A'
turbidite) and beta 'ß' ('Type-B' turbidite) were both easily distinguishable in the cores due to their
thick geometries and were hence termed megaturbidites. All sediments were found to have been
emplaced no later than the middle Pleistocene. The authors proposed that the lowering of sea level
during the last glacial was the triggering mechanism for the 'ß' megaturbidite and its volume
estimated conservatively at 10 km3. This megaturbidite has been renamed the 'Herodotus Basin
Megaturbidite (HBM)' for this thesis and will be discussed in detail in Chapters 4 and 7. Turbidite
pathways were suggested by the authors to be the small canyons on the NE African slope, and the
course of the turbidity flow postulated to interact with the Mediterranean Ridge, giving upslope
deposition onto the lower slopes of the ridge. This is discussed in Chapter 4, with alternative
hypotheses reached for the direction of flow and geometry of the deposit.
2.6.2 Lucchi & Camerlenghi, (1993). 'Upslope Turbiditic Sedimentation on the Southeastern
Flank of the Mediterranean Ridge.'
This is the second of two papers based on the same nine cores collected during the BAN-82 cruise
on the R/V Bannock. This paper concentrates on upslope deposition of the turbidites derived from the
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NE African slope ('Type-B' turbidites). Further lithological, compositional and textural
characteristics of the two types of turbidite were quantified with visual descriptions, grain size,
calcimetric, SEM analysis, microscopic analysis of the sand-size fraction, and X-Ray diffractometry
of the clay-size fraction. The textural aspect of the analyses noted an oscillating distribution of sand
percentage in each turbidite with an overall upward decrease in grain-size. Three orders of events
were recognised by visual analysis of each turbidite and were related to the primary depositional
characteristics of the turbidity flows. Additionally, the grain size analysis revealed an upslope
increase of the sand fraction at the base of each turbidite on the transect from the basin plain onto the
Mediterranean Ridge. The turbidity currents were postulated to have travelled upslope for a distance
of 57 km to reach a height of 283 m above the basin floor. It was thought unlikely that these deposits
were a result from uplift of basin plain sediments by the advancing deformation front (Figure 29).
2.6.3 Rimoldi (1989). 'Upslope Turbidites in the Outer Flank of the Mediterranean Ridge
Facing the Sirte Abyssal Plain (Late Pleistocene-Eastern Mediterranean)'
Rimoldi (1989) compared the 'Type-B' turbidites from the Cita et al, (1984a) study of the
Herodotus Basin to those derived from the Libyan shelf in a study of the Sirte Abyssal Plain. Both
areas show a suggested upslope mode of transport across the basin plains and onto the Mediterranean
Ridge. The process of upslope deposition is preferred to the hypothesis of post-depositional uplift of
the Mediterranean Ridge, as the tectonic theory requires an outward growth rate of the Mediterranean
Ridge of at least 20 kmka"1. The actual rate of growth of the ridge, in terms of encroachment of the
deformation front towards the North African margin, was estimated by the author to be approximately
1.5 kmka1.
2.6.4 Maldonado & Stanley, (1976; 1978; 1979), Stanley & Maldonado, (1977; 1979)
Andres Maldonado and Daniel Jean Stanley wrote five papers detailing the cyclic
lithostratigraphic sequence of sedimentation on the Nile Cone. The studies involved
sedimentological, mineralogical and statistical analysis of late Quaternary sediments from 65 piston
and gravity cores from the SE Mediterranean region, including three from the Herodotus Basin. The
sediments of the Nile Cone were compared to the distal basin plain sediments and a statistical
calculation employed to relate turbidites to climatic cycles, or cyclothems. One cyclothem was
recognised as containing three depositional stages, with this pattern repeated in response to climatic
changes, biogenic-terrigenous depositional patterns and oceanic factors. Core penetration allowed the
Page 2-26CHAPTER 2- THE EASTERN MEDITERRANEAN BASIN
NW SE
g 3200H
5 kir
vertical exaggeration 1:40
LEGEND:
Nile cone
'Type-A'
Libyan/Egyptian
shelf 'Type-B'
Debrite Sapropel
Herodotus Basin
Megaturbidite (HBM)
Figure 2_9. Bathymetric cross section and stratigraphy for the Herodotus Basin transect
studied by Cita et al. (1984a) and Lucchi & Camerlenghi, (1993), see Figure 2_7 for
location. Note how the thickness of sedimentary units thins northwards onto the
Mediterranean Ridge and how the severity of deformation increases in that direction.
The HBM (red hatched) is a generic unit termed in Chapters 3 and 4, relating to one
particularly thick, pervasive turbidite.
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recognition of three complete cyclothems, 1) 67.5 ka - 29.4 ka (mid Wurmian
- Wisconsin
Transgression), 2) 29.4 ka - 17 ka (late Wurmian - Wisconsin Regression) and 3) 17 ka
- present
(beginning of the Holocene transgression). The third cycle (most recent) was studied in the greatest
detail, with the three depositional stages representing one cycle thus (see Figure 210):
Top: yellowish/orange hemipelagic mud, turbidites and calcareous ooze (post-glacial limited turbidite
deposition on the Nile Cone and Herodotus Basin).
Middle: Sapropel (warming trend of the climatic curve leading to stagnation of the Eastern
Mediterranean).
Bottom: olive/grey hemipelagic mud and turbidite sequence (lower sea level allowing high volumes
of terrigenous sediment to bypass the shelf).
Stanley and Maldonado calculated the rates and processes of deposition, together with the textural
variation in time and space, for the separate regions of the Nile Cone area. The Herodotus Basin was
noted to have a high ratio (1:32
- 1:64) of sand and silt to mud, a ratio of 4:1 for turbidite ('gravitite')
to hemipelagic ('suspensite') thicknesses and one of the highest sedimentation rates at >32 cm/ka.
Curiously, turbidites from the Libyan/Egyptian margin ('Type-B') were not noted in the facies
descriptions, although they most definitely would have been penetrated in the Herodotus Basin cores.
The only deposits not to be derived from the Nile Delta and Cone were interpreted as carbonate sands
and muds from shelf-edge spillover, (Figure 2 11). These 'organic oozes' were interpreted as
'suspensite' or hemipelagic deposits and not related to the major turbidite source of the NE African
shelf and slope ('Type-B'). A conceptual model was developed by the authors to show processes
active around the Rosetta Branch of the Nile River (Figure 2__11).
2.7.5 Deep-Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) Volumes
The 1970 DSDP Leg 13 expedition to the Mediterranean (Ryan, Hsü, et al., 1973) formed the first
of four scientific studies in the Eastern Mediterranean region. This was followed by DSDP Leg 42A
(Hsü, Mondadert, et al., 1978) and Ocean Drilling Projects Legs 107 (Kastens, Mascle, et al., 1990)
and 160 (Emeis, Robertson, Richter, et al., 1996). However, only DSDP Leg 13 detailed the
sedimentology of the Eastern Mediterranean in the vicinity of the Herodotus Basin, as the Leg 160
cores were positioned on the Mediterranean Ridge to the west of the basin and between Cyprus and
the Eratosthenes Seamount (Figure 2_7).
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Figure 2__10. The concept of cyclic patterns of sedimentation forced by climatic
changes (cyclothems), presented in the first of a series of papers by Andreas
Maldonado and Daniel Jean Stanley (ref: 1976), for the Herodotus Basin and the
Lower Nile Fan.
The sequence is one of grey hemipelagites and turbidites derived from the
Nile Cone overlain by a sapropelic sequence and a subsequent pale
hemipelagic/turbiditic NE African slope/shelf-derived sequence. This concept is
analysed in detail in the second of the two papers presented in Chapter 3_2.
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The initial reports from Leg 13 of the Deep-Sea Drilling Project (Ryan, Hsü, et al, 1973) describe
two sites adjacent to the Herodotus Basin. Sites 130 (Mediterranean Ridge
- Lat. 3336.31'N, Long.
2721.99'E) and 131 (Western Nile Cone - Lat. 3306.39'N, Long. 2830.69'E) drilled to depths of
561 and 272 m, respectively. Site 131 is of greatest interest as it is located in water depthsvof 3035 m
and therefore falls within the bathymetric boundary of the Herodotus Basin. Both sites recorded a
dominance of Nile Cone-derived turbidites and an acoustically transparent layer with an underlying
prominent sub-bottom reflector. This was thought initially to be the strong reflector 'M,' marking the
top of the Late Miocene deep basin evaporites. The bottom of the acoustically transparent horizon
was found to be at 0.615 seconds two-way reflection time (approximately 140 m below sea floor),
with the top at 0.09 seconds TWT (approximately 70 m). This was subsequently thought to be too
shallow to be the thick Messinian evaporites and was discovered to relate to homogeneous marls
without sand or silt, with the strong reflectors below related to bedded, indurated Nile Cone
sandstones. The source of the marls was not determined but was believed to also be from the Nile.
Turbidites from the NE African shelf ('Type-B') were not described. However, beds of light olive
grey carbonate sediments (Munsell colour 5Y6/2) were noted to range from 5-10 cm to 'several
metres' in thickness but were interpreted (?mistakenly?) as biogenic oozes. The thinner units may be
expected to be pelagic horizons but the thicker units may relate to turbidites derived from the NE
African shelf.
Site 130 was situated on the Mediterranean Ridge and comprised predominant Nile Cone-derived
turbidites. Bartolini et al. (1975) analysed the DSDP cores and commented on the difference in
sequence thickness between the two sample sites. The drilled sequence on the Herodotus Basin (Site
131) represents approximately 200 m of Nile Cone-derived sediments, whereas the same dated
sequence on the Mediterranean Ridge (Site 130) is only 30 m thick. The thinner Mediterranean Ridge
sequence was interpreted as being due to entrapment of material on the Lower Nile Cone. Bartolini et
al. (1975) also analysed the heavy and clay mineralogy of the Nile turbidite sequence. They
concluded that the mineralogy had not changed significantly and therefore the drainage pattern of the
River Nile had not changed since the Early Pleistocene.
2.7.6 Other Papers
Other sedimentological studies in the region such as Ryan (1972), Ross et al. (1978), Sestini
(1984), Mart (1993), amongst many others, described the sediments and sedimentary evolution of the
NE African continental margin but have only a passing mention of the Herodotus Basin. The papers
give detailed information on the regional setting and have been referred to earlier in this Chapter.
Ryan (1972) commented that when compared with other basins and abyssal plains located at the base
of large sedimentary fans, the Herodotus Basin is obviously a 'dwarf.'
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3.0 Introduction to this Chapter
Chapter 3 presents two papers dealing with the late Quaternary sedimentology and physiography
of the Herodotus Basin. The Herodotus Basin has been introduced in Chapter 2 and the analytical
techniques used on the five cores collected from the study area are reported in Chapters 1 and 2.
Chapter 3.1 consists of a published paper resulting from a conference presentation at the
Geological Society GEOSCIENCES conference held in Warwick in April 1996. Both oral and poster
presentation were given on this subject, an abstract and copy of which are placed in Appendix Bl and
B2, respectively.
The paper (Appendix B3) presents the processes, timing and chemostratigraphy of sediment input
during the late Pleistocene. Tentative sedimentary budgets are given, together with comparisons with
other deep-marine basins.
Chapter 3.2 comprises a submitted article culminating from a poster presentation at the Third
International Conference on the Geology of the Eastern Mediterranean (ICGEM3) in August 1998 in
Nicosia, Cyprus. At the time of completion of this thesis, the article is in press (see Appendices B4
and B5).
The article analyses the timing of sedimentary input onto the basin plain, based on a series of
absolute radiocarbon dates. The relationship between mass sedimentary movements and the regional
and global climate is discussed.
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3.1 TURBIDITE FLUX, ARCHITECTURE AND CHEMOSTRATIGRAPHY OF THE HERODOTUS BASIN,
Levantine Sea, south-eastern Mediterranean.
This section details the basic sedimentology of the Herodotus Basin using the analyses introduced
in Chapter 1. It has been reviewed and published in a recognised journal. However, new data since
publication has superseded some of the information presented in this section, especially concerning
the dating of the turbidites. Radiocarbon dates are presented in Chapter 3.2.
The content of the paper originates from my research of the five Herodotus Basin long-piston
cores recovered during the MD81 cruise. Supervisors Dr Dorrik Stow and Dr Guy Rothwell were
integral in the reformatting of the paper to an acceptable publication layout and standard, as well as
encouraging detailed scientific discussion. Gisela Kahler provided MD81 nannofossil zonation data
and aided with further interpretation and sampling of hemipelagic horizons. Dr Neil Kenyon assisted
with the provision of GLORIA sonographs and clarification of this side-scan data.
Reeder, M. S, Rothwell, R. G., Stow, D. A. V., Kahler, G. and Kenyon, N., 1998. Turbidite flux,
architecture and chemostratigraphy of the Herodotus Basin, Levantine Sea, south-eastern
Mediterranean, in Stoker, M. S., Evans, D., and Cramp, A., (eds.)., Geological processes on
continental margins: sedimentation, mass wasting and stability, Geological Society of London,
Special Publication, 129, 19-41.
Reviewed by:
Martyn Stoker, British Geological Survey, Edinburgh
Dan Evans, British Geological Survey, Edinburgh
Carol Pudsey, British Antarctic Survey, Cambridge
2 Anonymous reviews
Copy placed in Appendix B.I.
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Turbidite flux, architecture and chemostratigraphy of the Herodotus Basin,
Levantine Sea, south-eastern Mediterranean.
Mike Reeder1, Guy Rothwell2, Dorrik Stow1, Gisela Kahler2 and Neil Kenyon2.
Department of Geology, University of Southampton.
2
Challenger Division for Seafloor Processes.
Southampton Oceanography Centre, Empress Dock, European Way, Southampton, SO 14 3ZH.
Abstract
The Herodotus Basin is the deepest part of the south-eastern Mediterranean and receives
allochthonous sediments as turbidity currents and debris flows from around its margin.
During the late Quaternary allochthonous supply has been from at least four sources. These
are 1) dark coloured, calcium carbonate-poor, fine-grained turbidites derived from the Nile
Cone to the south and south-east, 2) lighter coloured, calcium carbonate-rich, slightly coarser-
grained turbidites derived from the Libyan/Egyptian shelf to the south, 3) small, light brown
coloured, foraminifer-rich, muddy-silty turbidites derived from the Cyprus /Eratosthenes
seamount (Anatolian rise) carbonate shelf to the east, and 4) small localised debris flow
deposits derived from the Mediterranean Ridge to the north.
During the late Quaternary (0-60 ka), and specifically the period of 0-27 ka, the basin has
filled predominantly with allochthonous material derived from the Nile Cone, with lesser input
from commonly small turbidites derived from the east and the Libyan/Egyptian shelf, but
including one megaturbidite of basin-wide extent.
Turbidites have been correlated across the Herodotus Basin using the technique of
chemostratigraphy. Matching the results of geochemical analysis from one specific turbidite
bed in a core with that of a turbidite in another core, may show whether or not the beds were
deposited by the same mass wasting event, as individual turbidites commonly have diagnostic
and unique geochemical "fingerprints" in terms of major, minor and trace element
composition.
Sediment budgets for the three main turbidite sources (Nile Cone, Libyan/Egyptian-shelf
and Anatolian rise shelf) are calculated. The cumulative volume of the sedimentary input for
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the Nile Cone-derived turbidites over the last 27 ka is approximately 500 km3, giving an
average sedimentation rate of approximately 45 cmka1, and a volume per unit time of 18
km3ka"!. A megaturbidite, derived from the Libyan/Egyptian shelf, is of basin-wide extent and
has a volume of approximately 400 km3. This megabed represents the main allochthonous
input from the Libyan/Egyptian shelf to the Herodotus Basin during the last 27 ka. The small
Anatolian rise-derived turbidites represent a volume of approximately 12 km3 and basin-wide
sedimentation rate of 1 cmka"1.
Introduction
As part of the European Union-sponsored MAST II PALAEOFLUX programme, set up to
investigate biogeochemical fluxes in the Mediterranean Sea, the R/V Marion Dufresne (Cruise 81,
January
- February 1995) collected a total of 30 long piston cores and 9 box cores from the Western
and Eastern Mediterranean. This paper presents the results of a study based on 5 of these long piston
cores (ranging from 13.7 - 25.8 m in length) recovered from the Levantine Sea in the south-eastern
Mediterranean. These cores were taken along an approximately 325 km-long SW-NE transect across
the Herodotus Basin (Figure 3_1, Table 31). Preliminary results are also presented from
interpretation of 3.5 kHz high-resolution seismic profiles collected during the same cruise.
: The main purpose of this research is to identify and correlate allochthonous units on the plain, in
order to estimate the amount of material being eroded from sediment source areas per unit time, and
to quantify downslope transport of terrigenous material onto the plain during the late Quaternary.
Methods
All cores were split and described on board ship. P-wave velocity (compressional wave) and
magnetic susceptibility measurements were then made at 5 cm intervals using the shipboard Multi-
Sensor Core Logger operated and designed by the geotechnical consultants Geotek Ltd (Haslemere,
UK). Detailed re-logging of the cores took place post-cruise together with standard sedimentological
analyses for grain size, calcium carbonate content and geochemistry using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and micropalaeontological analysis of foraminifera
and nannofossils. Grain size analyses of 88 sediment samples were made by wet sieving for any sand
fraction present and then using a Micromeritics 5100 sedigraph size analyser for measuring the fine
fraction (2-6 m). Calcium carbonate content (CaCO3) was determined by acid treatment of hand-
ground material and coulometric detection of CO2. Replicate analyses and in-house standards were
used to control for error.
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Just under 200 samples were taken from turbidite beds for analysis of 22 major, minor and trace
elements. The analyses were performed using ICP-AES after digestion of 0.5 g of sample with a
combination of hydrofluoric, perchloric and nitric acids. Accuracy was checked using standard
reference materials and monitored with in-house standards. Precision was better than 5% for all
elements. The results were first normalised to their A12O3 value, and then scaled so that a number for
the whole range of elements was obtained that fell between 0 and 25, following the method of Grant
(1986), see Table 3_2.
Core
No
MD-81
LC24
LC25
LC27
LC29
LC30
BAN-82
PC-10
PC-11
PC-12
GC-13
GC-14
PC-15
GC-16
PC-17
GC-18
Core
Type
Long Piston
Long Piston
Long Piston
Long Piston
Long Piston
Piston
Piston
Piston
Gravity
Gravity
Piston
Gravity
Piston
Gravity
Water
Depth
(corr. m)
3191
3129
3131
3138
3144
3198
3161
3088
3044
3088
2915
3008
3096
3066
LAT.
3217.71'N
3236.01'N
324~8:91'N
3335-:63'N
3404.70'N
3220.55'N
3226.19'N
3229.95'N
3234.55'N
3237.70'N
3242.60'N
3234,42'N
3232.45'N
3232,83'N
LONG.
2637.95'E
2723.25'E
2740.45'E
2856:32'E
2942.72'E
: 2658.98'E §
2654?55'E 1
26§2.62'E
2651.00'E
2648.14'E
2644.61'E
2650.86'E
2651.30'E
2650.49'E
Core
Length
(m)
18.31
13.71
14.95:
24.66
25.82
11.09
7.88
10.92
2.58
4.31
10.50
4.47
9.07
sÄ-62
Table 3_1. Location, depth (corrected) and length of the five cores from this study (MD-81) and the nine
cores from two previous studies (BAN-82) by Cita et al. (1984a) and Lucchi & Camerlenghi (1993).
Geological setting and previous work
The Herodotus Basin or Abyssal Plain is an elongate depression in the Eastern Mediterranean
defined by the 3000 m isobath. It is bounded to the NW by the accretionary prism complex forming
the Mediterranean Ridge and to the SE by,.theiNile Qpriq, Thfeshorter SW and NE ends of the basin
are bounded by the Libyan/Egyptian continental slope and Anatolian rise respectively (Figure 31).
Convergence of the European and African plates has created and deformed the Mediterranean Ridge
accretionary prism resulting in complex topography along the NW margin of the basin, whereas
growth and progradation of the Nile Cone has occurred across the SE part of the basin. Bathymetric
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study shows that much of the floor of the basin is no longer a plain in the true sense (due to
deformation) and therefore the term basin is used rather than abyssalplaini
Two previous papers discuss sedimentary processes and patterns in the Herodotus Basin (Cita et
al. 1984a; Lucchi & Camerlenghi 1993). Both concern a study based on the R/V Bannock BAN-82
cruise, during which 5 piston cores and 4 gravity cores were collected on a SE-NW transect across
the width of the Herodotus Basin and onto the Mediterranean Ridge (Figure 3_1). Cita et al. (1984a)
detailed the petrology and sources for two distinct types of turbidites ('Type-A' and 'Type-B')- The
'Type-A' turbidites have a black plastic mud fraction rich in smectite^a^fterrigenous rsilt
Element
A12O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
TiO2
Ba
Co
Cr
Cu
Li
Mo
Ni
Pb
Sc
Sr
Y
Zn
P2O5
V
units
%
%
%
%
%
%
%
. %
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
%
ppm
Measured
high count
15.77
10.66
0.73
3.73
39.75
3.13
'
1.97
1.65
,
378.48
54.80
107.02
105.64
57.17
18.04
98.56
141.44
20.02
4254.32
30.20
101.35
0.25
193.60
Measured
low count
0.28
0.16
0.01
*"o.l9
2.12
0.11
0.06
0.02
13.65
1.13
.,4-85.,.,
2.03
-8.39
-2.72
1.00
-8.96
0.28
110.99
0.82
2.47
0.02
4.06
A12O3 corrected
high count
0.73
0.07
0.75
12.17
0.48
0.22
0.14
56.10
8.30
8.94
11.07
._. _-.
-,.
9.22
-
1.33
1302.70
3.27
12.00
:*0.09--
15.60
A12O3 corrected
low count
0.42
0.004
0.20
0.15
0.15
0.07
0.06
12.93
2.00
3.24
2.47
-
-.
3.54
-
0.95
9.87
1.60
4.78
0.013
8.59
Scaling
Factor (X)
10.00
1000.00
20.00
2.00
50.00
100.00
100.00
0.25
2.00
2.00
2.00
-
2.00
-
10.00
0.02
5.00
1.00
100.00
1.00
Table 3_2. The 22 elements measured for geochemical analysis of the turbidite horizons using inductively
coupled plasma atomic emission spectroscopy (ICP-AES). The measured high and low count numbers
for each element have been corrected by dividing each element by the A12O3 measured value for the
separate samples and then scaled by a factor 'X' to fall between 0.00 and 25.00, Grant (1986). Li, Pb
and Mo were disregarded due to their negative low count number.
fraction, and are sourced from the Nile Cone. The light olive grey 'Type-B' turbidites are coarser-
grained, carbonate rich with a shallow water bioclastic basal sand composition, poor in smectite, and
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sourced from the Libyan/Egyptian shelf. A conspicuous megabed termed 'ß' by Cita et al. (1984a),
also sourced from the Libyan/Egyptian shelf, was noted with an estimated volume of 10km3. Lucchi:
& Camerlenghi (1993) concluded that the turbidites from the Libyan/Egyptian shelf travelled up the
slope of the Mediterranean Ridge for as much as 57 km to a height of 283 m above the basin floor.
This study has revealed a third turbidite type, 'Type-C, a pale greyish yellow brown, carbonate-rich,
forammifer-rich silty-mud sourced from the east, towards the Anatolian rise, based on distribution
within the basin.
Material derived from the more tectonically active European margin is trapped in the Hellenic
Trench north of the Mediterranean Ridge and consequently cannot reach the Herodotus Basin (Cita et
al. 1984a; Lucchi & Camerlenghi 1993). However, some local downslope reworking from the Ridge
itself may occur together with a minor input to the NE end of the basin from the Anatolian rise.
Morphology and Acoustic Facies
A preliminary acoustic facies map has been constructed for the Herodotus Basin (Figure 32)
using the 3.5kHz profiles collected during R/V Marion Dufresne Cruise MD-81 and GLORIA side-
scan sonographs from other cruises in this region (RRS Discovery Cruises 40 and 55, Kenyon et al.
1975 and Stride et al. 1977, respectively). This shows that the truly flat portion of the basin, the
abyssal plain, is smaller by approximately half in extent than previously mapped.
Echo types on the 3.5 kHz records have been classified on the basis of clarity and continuity of
sub-bottom echoes, the depth of subseafloor penetration by the acoustic signal and microtopography
(c.f. Kidd et al. 1985; Jacobi & Hayes 1993). Three acoustic facies or province types have been
identified, named A to C.
A) A morpho-acoustic province consisting of a series of parallel ridges, separated by elongate
basins. The Herodotus Abyssal Plain was a true plain in the past, but due to the collision of the
African and European plates the northern part of the plain has been deformed into a system of
parallel ridges and asymmetric troughs (Figure 3_3A). These ridges increase in relief towards the
Mediterranean Ridge up to about 100 m above the adjacent plain. Where they have greatest relief
they display a hyperbolic echo type with a single thick sandy-type reflector, whereas the lower relief
ridges still show deformed but parallel sub-bottom reflectors similar to the flat portion of the plain.
Deformation appears to be still very active and the developing microtopography clearly interacts with
incoming turbidity currents, such that the parallel continuous sub-bottom reflectors of the troughs
pinch out and onlap the rising ridges (Figure 3_ 3A).
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B) The second acoustic facies type is a strong prolonged surface reflector with impeded acoustic
penetration (Figure 3_3B). This is interpreted as part of a sandy lower fan lobe system extending
from the Nile Cone, based on analogous, but cored echo-types in other areas reported by Jacobi &
Hayes (1993), among others.
C) The third distinct acoustic facies type is the thinly-bedded continuous sub-parallel reflectors
that characterises the Nile Cone (Figure 3_3C). The 3.5 kHz seismic profiles show the presence of
abundant low-relief channels that incise the thinly bedded sediments (Kenyon et al. 1975; Stride et
al. 1977).
The GLORIA side-scan images show relatively small-scale relief providing widespread evidence
of distinctive structural trends on the floor of the Herodotus Basin region (Kenyon et al. 1975; Stride
et al. 1977). The data shows that much of the Mediterranean Ridge comprises one or more sets of
linear or curvilinear ridge features, some of which lie parallel to the ridge axis (SW-NE) while others
lie perpendicular to it (NW-SE). The trend of these ridges is also approximately parallel to that of the
Herodotus Basin, demonstrating a principal stress orientation, and hence the direction of the collision
between Africa and Eurasia for this region, in a NW-SE direction, (Figure 3_ 2).
The side-scan sonar images show a number of channel and canyon trends on the Nile Cone. These
are predominantly seen around 3300'N, 2930'E trending in a north-westerly direction towards the
Herodotus Basin between core sites LC27 and LC29, (Figure 3_2). Other meandering channel
systems and canyons are seen to the north and north-east of this region, radiating from the distal parts
of the cone. One such channel, adjacent to core site LC29 (Figure 3_4), appears to have encroached
into the basin area.
The core stations that form the basis for this study were sited on areas of continuous parallel sub-
bottom reflectors situated in the troughs between ridges or uplifted blocks (Figures 3_3Ai & A2), and
represent abyssal plain sediments.
Sediment Types
Six main sediment types are recognised in the cores and can be readily distinguished on the basis
of colour, composition, grain size and geophysical properties. The two dominant sediment types are
the two contrasting types of turbidites ('Type-A' and 'Type-B') first described by Cita et al. (1984a),
whose terminology is retained. A third type of turbidite, termed 'Type-C, is recorded in cores LC29
and LC30, and has similar composition and geophysical properties to the 'Type-B' turbidites. In our
study prominent individual turbidites are identified by letter notation, from turbidite 'p' at the base of
the core to turbidite 'a' at the top. Correlation of these turbidites between cores using the above
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properties has been confirmed by chemostratigraphic techniques (see discussion below). Between
individual turbidites are thin pelagic-hemipelagic intervals and, towards the top of each core, a
distinctive dark-coloured sapropel is present. A chaotic, clast-rich mud unit is present in one core
(LC30) and is interpreted as a muddy debris flow deposit.
1) 'Type-A' turbidites
These are mud-rich, dark brown/grey in colour (typical Munsell colour value 10YR3/2, US
Geological Survey Rock-Color Chart Committee, 1991) and range in thickness from less than 15 cm
to over 7 m (Figure 3_5). Very few sedimentary structures are apparent except weak parallel
lamination and discontinuous wavy lamination towards the base of beds. Some of the turbidites
contain small iron sulphide nodules (1-5 mm) throughout the bed (Figure 36A). 'Type-A'
turbidites show a broadly bipartite grain-size structure with a thicker upper ungraded or
homogeneous mud division (mean size 4-7 m) overlying a thinner normally graded basal division,
which ranges up to medium coarse sand (<1 mm) in grain size at the base of thicker beds. These
thicker beds also show a subtle oscillation in mean grain size through both divisions (Figure 3_7).
'Type-A' beds are best interpreted as fine-grained, distal turbidites, mostly displaying Stow T5-T8
turbidite divisions (Stow & Shanmugam 1980; Stow 1985) or Piper E2-E3 divisions (Piper & Stow
1991). The coarser basal intervals of some beds are belong to Stow T2-T4 or Piper Ei fine-grained
turbidite divisions. |
Smear slide examination of the silt and sand fractions of 'Type-A' turbidites shows them to
comprise mainly terrigenous quartz, feldspar and mica (see Cita et al. 1984a for detailed analysis).
The coarse fraction contains abundant plant debris and other dark organic material. Foraminifera and
pteropods are also present in the coarser-grained size fractions. Calcium carbonate content of 'Type-
A' turbidites range from 4-16% (mean 10%), magnetic susceptibility is relatively high (80-150 SI
units), and P-wave velocity is around 1550 ms'1, (Figure 3__8).
2) 'Type-B' turbidites
The less common 'Type-B' turbidites are a light olive/grey in colour (typical Munsell colour
value 10YR6/2) and range in thickness from a few cm to over 16 m in LC24, (Figure 3_5). Like the
'Type-A' turbidites, 'Type-B' are predominantly thick structureless homogeneous muds with thinner
silty and sandy bases. However, the sand-silt unit at the bottom of cores LC24 and LC27 is over 1 m
thick and the base of this turbidite was not penetrated. Indistinct parallel lamination occurs in the
lower part of the mud division, whereas the sand-silt division may show both parallel and cross-
lamination, (Figure 36B). Beds show either a bipartite or tripartite grain-size structure with
ungraded mud (4-6 m) overlying slightly graded mud (4-10 m) and normally graded silt-sand (up
Page 3-13CHAPTER 3- THE HERODOTUS BASIN
r*
B9S S9j;9p\[
E
u
LE
Cß
O
S uj
a z
li
c E
1 *
s C
c
E
^
il
I I
i> I
o>
d<
-3
o>
d<
'S
I
-3
o>
o>
p.
Eh"
ipelagic
Hem
Mud
-
bidi
Tur
i>
p.
ite
Debr
Silt
11
i
Ü
o
a
[]
opel
(SI)
i_
a.
Cß
Cß
San
a-g
c
E &
,t- c
? J
o>
^
^^ S3
Cß .
p O
1
COI min
long
pistor
on
maior.
he
five
me
bed
ogical
logs
related
as
t
o c
i
U CÜ
3
en
PAGE 3-14 Figure 3_5CHAPTER 3-THE HERODOTUS BASIN
to coarse sand, < lmni) divisions. A slightly irregular oscillation of mean grain size is apparent
throughout the large 'Type-B' turbidite 'n' (Figure 3J7).
Bed 'n' of the 'Type-B' turbidites is a very thick turbidite or 'megaturbidite,' comprising Stow
and Piper divisions (T5-T8 or E2-E3, respectively) through the thicker upper mud part and a coarse¬
grained sandy base (TCD Bouma divisions, Bouma 1962). Megaturbidites of this sort have been
recognised from a number of other Mediterranean basins. For example, the tsunami-induced 3.5 ka
'Homogenite' of Kastens & Cita (1981), Cita et al. (1984b), from the Ionian Sea, is a body of
homogeneous hemipelagic mud characterised by a thin normally graded foraminiferal sand at the
base. Similar deposits, such as the 'Unifites' described by Stanley (1980, 1981), have been stripped
of the sand fraction through deposition in small slope basins during emplacement leaving a
homogeneous or uniform mud body. The Libyan/Egyptian megaturbidite 'n' shows similar
characteristics to those mentioned above, except the sand fraction of the turbidite is thicker than that
of the 'Homogenite' and 'Unifites' and the megaturbidite 'n' is a factor of ten times greater in
volume.
Analysis of smear slides of the coarse-grained basal sand of megaturbidite 'n' show quartz, calcite
and a high proportion of shelf derived bioclastic material, such as gastropods, sponge spicules,
bivalves, bryzoans, pteropods, shallow-water benthic and planktonic foraminifera. Some 'Type-B'
turbidites also have significant amounts of white and grey pumice grains, dark igneous minerals (e.g.
pyroxenes and amphiboles) and cuspate and lunate volcanic glass shards. Calcium carbonate is
typically around 50%, magnetic susceptibility values are low (25-45 SI units), and P-wave velocities
around 1560-1580 ms"1, (Figure 3_8).
3) 'Type-C turbidites
The rare 'Type-C turbidites are a moderate yellow/brown in colour (typical Munsell colour value
10YR6/4) and only reach 72 cm ('k') and 35 cm ('m') in thickness in core LC30, (Figure 3_5).
These small 'Type-C turbidites are predominantly structureless homogeneous muds with centimetre
thick silty and sandy sized foraminifer-rich bases.
Like the 'Type-B' turbidites, the 'Type-C turbidites comprise Stow and Piper fine-grained
turbidite divisions (T5-T8 or E2-E3, respectively) through the thicker upper mud part and a centimetre-
thick TcD Bouma division medium-grained sandy base.
Analysis of smear slides of the coarse-grained basal foraminiferal sand fractions show a high
proportion of both benthic and planktonic foraminifera (>70%), calcite (10%), muscovite mica (5%)
and quartz (5%). There is a small fraction of shelf bioclastic material comprising particularly of
gastropods (5%). The 'Type-C turbidites also have significant amounts of dark igneous minerals
(e.g. pyroxenes and amphiboles) and green volcanic glass (<5%). The composition of the 'Type-C
turbidites is very similar to that of the 'Type-B' megaturbidite 'n', although the colour is much
lighter.
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Other differences occur in the calcium carbonate percentage which is generally lower than the
'Type-A' turbidites, at around 40%. The magnetic susceptibility values fall between those of the
'Type-A' and 'Type-B' turbidites (40-45 SI units), and P-wave velocities are similar at around 1550-
1575 ms"1.
4) Pelagic and Hemipelagic deposits
Thin pelagic/hemipelagic intervals occur between many, but not all, turbidite beds. They are
typically mixtures of a pale yellowish (10YR6/6) biogenic mud and either brownish grey (10YR3/2)
or light olive grey (5Y5/2) muds depending on the nature and colour of the underlying turbidite. They
range in thickness from < 1 cm to over 20 cm and are characterised by bioturbation and the
occurrence of scattered foraminifera throughout (Figure 36C). Trace fossils include Chondrites,
Planolites and Phycosiphon. From their mixed calcareous -terrigenous (quartz and muscovite mica)
composition and silty grain size, these sediments may be classified as hemipelagites (Stow et al.
1996), although the distinct colour gradation from the underlying turbidites suggests hemiturbidite
deposition may have occurred (Stow & Wetzel 1990).
5) Sapropels
Dark, greyish-black coloured (typical Munsell value NO-Nl), organic carbon-rich sediments (Corg
value > 2%, Higgs et al, 1994), known as sapropels, are well documented from the eastern
Mediterranean (e.g. Aksu et al. 1995; Thomson et al. 1995, and others). A number of thin sapropelic
intervals occur in the upper parts of all cores studied from the Herodotus Basin plain. These occur at
a core depth of between 0.2 and 8.7 m. Individual layers range up to 21 cm in thickness and are
generally well laminated (Figure 3_6D). Some of these layers contain abundant well preserved
pteropods, (although in others these are absent), together with warm water pelagic and benthic
foraminifera (Kahler & Dossi 1996, see below). These layers occur interbedded with a variable
number and thickness of turbidites in different cores. However, on the basis of faunal content and
near surface occurrence, (Kahler & Dossi 1996), they are all considered as part of the same SI
sapropel interval. The SI Sapropel has been dated as between 5-6.5 and 9 ka (Bethoux 1993; Higgs et
al. 1994; Rohling 1994; Aksu et al. 1995). SI is interpreted as indicating a period of anoxic bottom
water conditions in the Eastern Mediterranean
6) Debrites
This sediment type occurs only in core LC30 from the north-eastern part of the basin. It has been
deposited within the SI Sapropel interval of sections 18 and 19 (Figures 3_5 & 6E). It is a
disorganised mud breccia 82 cm thick, containing irregular to rounded clasts of dark-coloured
sapropelic mud and clasts of hemipelagic mud and 'Type-A', 'Type-B' and 'Type-C turbidite muds.
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The sub-rounded/sub angular clasts, are poorly sorted. Clasts range in size from < 1 cm to 12 cm and
both clasts and matrix generally show plastic deformation structures. Core-parallel elongation of
many clasts is apparent and interpreted as the result of disturbance during coring. This sediment type
is interpreted as a debrite (e.g. Stow & Piper 1984; Stow et al. 1996) that seems to be restricted in
occurrence to the northern flank of the Herodotus Basin as were similar debrites noted by Cita et al.
(1984a) and Lucchi & Camerlenghi (1993), during the BAN-82 cruise.
Correlation and Dating
To determine the extent and geometry of individual turbidite beds in the Herodotus Basin, and to
more accurately estimate turbidite volumes emplaced, three techniques have been used to make a
very precise correlation between the cores sampled along the full 325 km transect.
1) Geophysical correlation
Generally there is a close correspondence between the distinct parallel reflectors on the 3.5 kHz
high-resolution seismic profiles across the core sites and the contacts between thicker individual
turbidite beds, especially when beds are underlain by basal sands (Figure 38). High amplitude
reflectors mark the bed contacts and/or sandy bases and acoustically transparent zones typically
correlate with the thick structureless turbidite muds. Other geophysical properties, such as P-wave
velocity and magnetic susceptibility, further help to characterise individual beds, but resolution of the
thinnest beds is not possible on the geophysical records and hence correlation cannot be precise in all
cases.
The distinctive megaturbidite 'n' (a ^Type-B' turbidite) correlates with a particularly thick
acoustically transparent layer seen on the 3.5 kHz high-resolution seismic profiles that can be traced
with confidence over the full length of the basin, (Figures 33 & 8). The top of this layer increases in
depth from about 2 m below the top of the core in the SW (LC24) to over 21m below the top of the
core towards the NE (LC29) and then shallows to a depth of about 5 m in the extreme NE (LC30).
The 3.5kHz profiles show a very similar pattern to the cores recovered suggesting that very little of
the sediment above the megaturbidite has been lost due to the coring process (centimetres rather than
metres). The thickness of megaturbidite 'n', estimated from the 3.5kHz records using a sediment
interval velocity of 1500 ms"1, appears to decrease slightly from approximately 20 m in the SW (core
LC24) to a value of approximately 10 m in the NE (core LC30). This has proved to be the case when
measuring the thickness of sediments above the megaturbidite 'n' in the cores (18 m and 11.5 m for
cores LC24 and LC30, respectively). The megaturbidite 'n' and other acoustic beds thin markedly
against local, individual deformation ridges that characterise the NW part of the basin, (Figure 3_3B).
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There is some evidence from 3.5 kHz profiles that fewer, thicker megaturbidites characterised the
late Quaternary. The topmost megaturbidite sampled in our cores was derived from the
Libyan/Egyptian shelf, although the underlying megabeds may have derived from either of the
sources. There are another three or four megabeds recognised from the 3.5 kHz seismic profiles, but
the corer did not penetrate these.
2) Lithological correlation
The broad similarity of sediment types and their distribution in all five cores examined allows a
preliminary lithological correlation. The apparent recognition of the ^Type-B' megaturbidite 'n' on
the 3.5 kHz seismic profiles show this bed's considerable extent. The sapropel layers that occur
towards the tops of all five cores are identified as the SI Sapropel of previous workers and therefore
represent a dateable horizon (5-6.5
- 9 ka). There is little variation in sediment thickness above this
horizon, but in the central and NE part of the basin (LC27-30) one or more thick turbidites are
intercalated with the sapropels.
3) Geochemical correlation
High-resolution geochemical analysis by ICP-AES of all five Herodotus Basin cores provides a
very good and precise correlation tool that is effective over the entire 325 km transect across the
Herodotus Basin. Individual turbidite events have their own geochemical signatures (Figure 3_9),
even though they may be very similar in colour, composition and geophysical properties, (cf. Pearce
& Jarvis 1992, 1995; Wray & Gale 1993). In order to assess the degree of geochemical similarity
shown by individual turbidites in different cores, cross-plots of the same elements in different cores
were made. The regression coefficient of the best-fit line so obtained can be used as a measure of
similarity.
These multiple-element cross-correlation plots are illustrated for the upper ungraded mud interval
(E3) of two 'Type-A' turbidites (Figure 3_10a) and two 'Type-B' turbidites from cores LC27 and
LC25 (Figure 3_10b). In each case element concentrations are virtually identical and the beds can be
identified as the same beds turbidite 'd' and megaturbidite 'n' (Figures 3_10a & 10b respectively).
By contrast, poor correlations are seen if the two turbidites compared are not from the same event.
This is evident in Figure 3_10c, where two unrelated 'Type-A' turbidites are plotted against each
other to give a poor coefficient of correlation. The beds were subsequently identified as turbidites 'g'
and 'd' using a combination of the other correlation techniques mentioned above.
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The grain size of the samples compared, however, must be taken into consideration. Figure 3_10d
is a cross-plot of elements from the mud and sand fractions of the same turbidite, and the correlation
is clearly poor. Fine fraction must be compared against fine fraction. Using the same grain-size
fraction for comparison allows a possible correlation for each turbidite on a basin-wide basis (Figure
3J1).
Dating
Three different methods have been used to estimate the age of beds recovered from the Herodotus
Basin: relation to the SI Sapropel, micropalaeontological study, and determination of the thickness of
pelagic intervals. It is hoped that future stable isotope work will confirm these preliminary findings.
The SI Sapropel is well documented throughout the Eastern Mediterranean and dated to between
5-6.5 and 9 ka (Bethoux 1993; Higgs et al. 1994; Rohling 1994; Aksu et cd. 1995). This provides the
most recent date in our cores although some controversy remains concerning the exact termination of
this period of anoxia (Higgs et al. 1994; Aksu et al. 1995). The S3 and older sapropels, (no S2
discovered and S3 dated at 79 ka, Hilgen, 1991), were not recovered in any of the basin cores used in
this study.
Examination of the planktonic foraminifera (Kahler & Dossi, 1996) shows warm water
assemblages in the upper parts of all cores, with a very warm water assemblage in the SI sapropel
horizon including Globigerinoides ruber, Globigerinoides sacculifer, Hastigerina siphoniphera,
Globigerinoides trilobus trilobus, Globigerinoides trilobus immaturus, Globigerinoides elongatus,
Globigerina calida, Orbulina universa, Globorotalia truncatulinoides, and Globigerina rubescens.
Turbidites 'g' and 'e' in core LC29 yield both warm and cold water species, the latter including left-
coiling G. truncatulinoides and a high proportion of juveniles. Megaturbidite 'n' also shows a mixed
assemblage, whereas turbidite 'o' (core LC30) has a distinctly cold water fauna including
Globigerina bulloides, Globigerina glutinata, G. elongatus and O. universa. These data would
suggest a Pleistocene/Holocene boundary near the top of turbidite 'e', assuming a few warmer water
species beginning to return to the Mediterranean as the climate became warmer from, approximately,
12-10 ka.
A total of 11 samples were taken for nannofossil analysis from supposed hemipelagic intervals
near the base of all five cores. All samples examined contain abundant coccoliths, but some of the
material is highly contaminated with older nannofossils either due to bioturbation or hemiturbidite
processes. However, the assemblage is consistently dominated by Emiliania huxleyi, indicating that
the pelagic fraction of all samples originates from the late Pleistocene E. huxleyi acme interval
(Weaver 1983). This places all the recovered section above the earliest part of oxygen isotope stage
3, which is approximately within the last 60 ka.
Page 3-243jB| aqj Suunp aijuaooclap
3L|] psiujoj siq] 3uqs933ns '6Z31 jo ajis am je sajipjqjnj oiJO|fM juaoaj jo sssu^oiqj jajcaiS aqi ajojsl uiscg
sii]opo.i9]4 aqj jo pasunjj gjsj oj m§ iu>] gjg aqi ssojdb uoijc|3.uod ajipiq.mj 3uiA\oqs uuuSnip uoqqiy 'H~
3SU 3UO3
=
4
J
_=
Mini
1
1
1
l
nil
~
i
j
Ü
=
1 frrq 4
is i
- 9Z
- oz
- 81
- 91
H
Zl
01
- 8
9
t>
- Z
- 0
1
ef-
>-l
ft
er
re
low
Ml
65
Si
oor
6Z31Chapter 3-the Herodotus Basin
A first order estimate of the age at the'base!6f the deepest penetrating core (LC30) can be obtained
by adding up the cumulative thickness of pelagic/hemipelagic deposits, and by assuming a constant
rate of accumulation for this material, assuming that no erosion by turbidity currents has occurred (cf.
Weaver & Kuijpers 1983). Biostratigraphic study of a large number of Eastern Mediterranean cores
suggests a rate of approximately 2.5-3.0 cmka"1 for pelagic sedimentation (Eelco Rohling, pers.
comm. 1996). This places the base of core LC30 at about +27 ka (Table 3_3).
Turbidite
'a'
'b'
c'
debrite
'd'
V
T
g1
h'
T
T
k'
r
'm'
'n'
o'
P'
Type
A
A
A
A
. A
A
A
B
B
B
C
C
C
B
A
B
Present in
cores
LC30
LC29&30
ALL
LC30
ALL
LC29&30
LC29
ALL
ALL
ALL
ALL
LC30
LC30
LC30
ALL
LC30
LC30
Max.
Thickness
(m)
0.15
0.61
7.49
0.82._
6.69
1.21
0.20
3.43
0.14
0.07
0.06
0.75
0.05
0.35
>15.71
1.79
0.05
Max. Pelagic material
between this and
overlying turbidite (cm)
within SI*
within SI*
within SI*
within SI*
0.0 cm
8.0 cm
3.0 cm
3.0 cm
6.0 cm
11.0 cm
5.5 cm
1.0 cm
6.5 cm
2.0 cm
0.0 cm?
0.0 cm?
0.0 cm?
Cumulative
pelagics down
core (cm)
-
-
0.0 cm
8.0 cm
11.0 cm
14.0 cm
20.0 cm
31.0 cm
36.5 cm
37.5 cm
44.0 cm
46.0 cm
>46.0 cm
>46.0 cm
>46.0 cm
Minimum
:.;/; Age
(ka)
6.5
7.0
7.5
8.0
9.0
12.0
13.5
14.5
17.0
21.5
23.5
24.0
26.5
27.5
>27.5
>27.5
>27.5
Table 3_3. Minimum age calculations for each of the turbidites recorded in the Herodotus Basin. Ages
were obtained by using an accumulation rate of 2.5
- 3.0 cm/ka (assuming no erosion) and by taking the
base of the SI Sapropel to be 9 ka.
* Dated as being deposited between 5-6.5 to 9 ka (Bethoux 1993;
Higgs et al. 1994; Rohling 1994; Aksu et al. 1995; Thomson et al. 1995)
Discussion
The results presented above show that since 27 ka, the Herodotus Basin has filled with turbidites
of variable size and volume and that there are three specific types. The sedimentology, mineralogy
and palaeontology of the three types are so different that separate sources have to be considered. The
dark brown/grey, fine-grained, quartz, mica and feldspar-rich 'Type-A' turbidites are most probably
sourced from the Nile River drainage basin via the Nile Cone (Cita et al. 1984a; Lucchi &
Camerlenghi 1993). The light olive/grey, coarser-grained CaCO3-rich 'Type-B' turbidites, which
have negligible terrigenous content, are most likely derived from the carbonate-rich Libyan/Egyptian
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shelf. The moderate yellow/brown, foraminifer and CaCCVrich 'Type-C turbidites are probably
derived from the Anatolian rise to the east of the basin. They can not be a reworked product of the
'Type-B' megaturbidite 'n' as the 'Type-C turbidites have small coarse-grained basal fractions
which are absent in the thick mud top of the megaturbidite. These likely provenances are supported
by the known dispersal patterns of clay minerals in the sediments of the Eastern Mediterranean Sea
(Venkatarathnam & Ryan 1971), and by previous work of Cita et al. (1984a).
Architecture of the Herodotus Basin fill
The three-dimensional geometry of the three types of turbidite is significantly different (Figure
311). Megaturbidite 'n', derived from the Libyan/Egyptian margin, extends across the entire basin
decreasing in thickness from around 18 m in the SW (measured in core LC24 and noted on the on 3.5
kHz profiles) to 11.5 m at LC30 in the NE. This apparently uniform decrease in thickness, however,
is modified by the ridge-trough system aligned parallel to the length of the basin adjacent to the
Mediterranean Ridge. Within each trough segment between adjacent ridges, megaturbidite 'n' is
thickest on the NW side, gradually thins across the trough and then thins dramatically to zero as it
rises up towards the crest of the lower ridge to the SE, Figure 3_3a. This thickness variation is most
likely due to flow ponding in the deeper part of the asymmetric basins. The flow thins over the
gentler flank of the lower ridge but does not rise up the steeper margin of the higher bounding ridge.
It further suggests that the flows, where there is seismic coverage, were less than the height of the
highest ridge (i.e. < 100 m).
By contrast, the post-'n' turbidites, predominantly derived from the Nile Cone show a main
depocentre centred on lat. 3336'N, long. 2857'E, (core LC29) downslope from a fan distributary
channel, (Figure 3_4). These 'Type-A' Nile Cone turbidites thin to the SW and NE indicating that
they were derived from rather smaller flows than megaturbidite 'n' and that individual turbidity
currents spread in two directions on entering the plain (or on reaching the NW margin) so that part is
seen to the SW and part to the NE. The Coriolis force was clearly insufficient to constrain flow
direction only to the right. Many of these thinner flows then travelled the full length of the basin in
either direction, although small-volume turbidites, i.e. 'a' and 'b', are rather more restricted. The
post- 'n' sediments are some 21 m thick in LC29, decreasing to about 4 m in thickness at LC27 some
100 km SW and to about 6 m in thickness at LC30, which is about 80 km to the NE.
During the latter part of the Pleistocene (since at least 27 ka) and the entire Holocene, Nile Cone
turbidites represent the main allochthonous input into the basin. Turbidites derived from the
Anatolian rise region to the east ('Type-C') are only seen in LC30 in the north-east of the basin. The
medium sized turbidites, 'k'and'm', have silty, erosive bases but are not seen to extend along the
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basin in a SW direction. Turbidites of similar sizes and smaller, derived from other sources, are
present in other cores in the basin. This may suggest that the mass wasting events producing the
'Type-C turbidites 'k' and 'm' were either oblique on entering the basin or were ponded between
the deformation ridges, hence not proceeding down the length of the basin.
Cita et al. (1984a) and Lucchi & Camerlenghi (1993) showed the extent of the turbidites across
the width of the Herodotus Basin towards its SW end. Their sample sites formed a transect from the
middle of the basin and onto the Mediterranean Ridge accretionary prism (Figure 3_1). Although the
cores from the BAN-82 cruise only penetrated a maximum of 12 metres, they penetrated older
sediments than the cores used in the present study (Figure 3_12). These cores show that other 'Type-
A' (Nile Cone) and 'Type-B' (Libyan/Egyptian shelf) turbidites from below megaturbidite 'n' were
present. Older Sapropels, (S3-S8), were also recovered. Turbidite 'n' is seen to also be the major
event in these cores, with PC-10 showing similar stratigraphic characteristics to those seen in LC24.
The Libyan/Egyptian megaturbidite 'n' correlates with the 'ß' ('beta') turbidite described by Cita et
al. (1984a) and Lucchi & Camerlenghi (1993). Although it is not possible to determine an exact
correlation between the Nile Cone-derived turbidites of Cita et al. (1984a) in Figure 3_12 and those
from this study it is evident that the turbidites become much thinner on the transect from the centre of
the Herodotus Basin onto the Mediterranean Ridge.
Cita et al. (1984a), noted that in two cores (GC-13 and GC-14), the debrites occurred within the
SI Sapropel (Figure 3_12). However, in cores taken from farther up the Mediterranean Ridge and
farther onto the Herodotus Basin floor, these were absent. These debrites are not thought to originate
from the same event as that found in core LC30 at the NE end of the basin. Debrites are generally not
as laterally extensive as turbidite deposits and this irregular pattern of deposition could be due to
local collapse on the NW flank of the Herodotus Basin from the Mediterranean Accretionary Prism,
(Figure 3 13) or possibly from the smaller tectonically active ridges.
Using the core data from the two studies, together with the 3.5 kHz profiles from this study, it is
possible to construct a preliminary isopach map of sediments above the 'n' megabed (Figure 3 13).
This does not take into account local variations in sediment thickness related to the ridge-trough
topography. The main recent depocentre for the Herodotus Basin is seen to be centred around latitude
3336'N, longitude 2857'E (LC29). This corresponds to the region of major sediment input from
the Nile Cone. This is probably related to the presence of meandering feeder channels providing
sediment preferentially to this region as shown by the GLORIA side-scan sonar image in Figure 3_4.
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Sediment budgets
Summing of pelagic intervals and using an average rate of sedimentation of 2.5-3.0 cmka'1, (Eelco
Rohling, personal communication) allows approximate dates for individual turbidite emplacement,
(Table 3_3). As the allochthonous beds have been correlated layer-by-layer across the basin using
chemostratigraphy, the approximate volumes for each of the larger, laterally extensive turbidites can
be calculated, (Table 3_4).
Turbidite
turbidite 'a'
turbidite 'b'
turbidite V
debrite
turbidite 'd'
turbidite 'e'
turbidite f
turbidite 'g'
turbidite 'h'
turbidite 'F
turbidite 'j'
turbidite 'k'
turbidite T
turbidite 'm'
turbidite 'n'
turbidite 'o'
turbidite 'p'
Type
A
A
A
A
A
A
A
B
B
B
C
C
C
B
A
B
Approximate Average
Thickness
(m)
0.05
0.2
2.5
0.6
3.5
0.7
0.05
2.0
0.07
0.03
0.4
0.02
0.2
10.0
5.0?
0.02?
Approximate
Area*
(km2)
2,000 (5%)
30,000 (75%)
32,000 (80%)
4,000 (10%)
36,000 (90%)
36,000 (90%)
2,000 (5%)
36,000 (90%)
32,000 (80%)
28,000 (70%)
28,000 (70%)
20,000 (50%)
2,000 (5%)
20,000 (50%)
40,000 (100%)
38,000 (95%)
4,000 (10%)
Approximate
Volume
(km3)
0.1
6.0
80.0
2.4
126.0
25.2
0.1
72.0
2.2
0.8
0.8
8.0
0.04
4.0
400
190?
0.1?
Minimum
Age
(ka)
6.5
7.0
7.5
8.0
9.0
12.0
13.5
14.5
17.0
21.5
23.5
24.0
26.5
27.5
>27.5
>27.5
>27.5
Table 3_4. Approximate dimensions of the individual turbidites from the Herodotus Basin. * The area
of the basin was calculated as an appropriate proportion of 40,000 km2 (percentage shown in
brackets), the figure previously obtained for the area of the Libyan/Egyptian megaturbidite.
Cita et al. 1984a placed a rather conservative figure of just 10 km3 for the volume of the
Libyan/Egyptian megabed 'n'. This study revises this figure upward to approximately 400 km3, with
an average thickness for the turbidite of 10 m and the dimensions covered by the turbidite as
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approximately 100 km in width and 400 km in length (area -40,000 km2). This is a factor of 40 times
larger than previously estimated. The average frequency of turbiditic emplacement of all types is
calculated as one event every 1.6 ka.
The volumes and frequencies of the 'Type-A' Nile Cone turbidites have ajso been calculated
(Table 34), so that sediment budgets can now be determined for the two main sources of turbidites.
The cumulative volume of the sedimentary input for the Nile Cone source is approximately 500 km3,
giving an average sedimentation rate of approximately 45 cmka"1. The volume per unit time is
therefore approximately 18 km3ka"'. The megaturbidite 'n,' of Libyan/Egyptian shelf derivation, has
a volume of approximately 400 km3. 'Type-C turbidites, derived from the Anatolian rise, have a
smaller volume of 12 km3, with a sedimentation and volume rate of 1 cmka"1 and 0.4 km3ka-l
respectively.
Sedimentary classification of the late Quaternary turbidite basin fill.
Pilkey (1987) discussed the factors that control basin-plain geometry: a) the arrangement of entry
points around the edge of the plain and b) the ratio of the drainage basin area to the area of basin
plain floor. The Herodotus Basin is dominated by the deposition of turbidites, including large scale
events, sourced from the Nile Cone, the Libyan/Egyptian carbonate shelf, and the Anatolian rise,
(Figure 313). In Pilkey's classification of basin plains, the entry point configuration for the
Herodotus Basin would be Type-A, a radial configuration showing entry points from four sources.
The drainage basin area of the Nile River is approximately 1.9 xlO6 km2 and the area of Herodotus
Basin plain (below 3000 m isobath) is calculated at approximately 4 xlO4 km2. This gives a
drainage/basin-plain ratio of approximately 48.
The overall basin fill characteristics for the Herodotus Basin, such as basin area, drainage area,
drainage/basin plain ratio, volume of turbidites, volume per unit time and sedimentation rates, are
very similar to a number of other basin plains (Pickering et al. 1989). For example, Rothwell et al.
(1992), noted that the Madeira Abyssal Plain was mainly sourced from two compositionally different
areas. These are organic-rich turbidites from the African shelf and volcanic-rich from the Canary
Islands, with the volcanic source becoming dominant in the basin's later evolution. The Madeira
Abyssal Plain is the most well-studied of all abyssal plains (i.e. Jones et al. 1992; Rothwell et al.
1992; Weaver et al. 1992, 1995; Masson 1994; Schminke, Weaver, Firth, et al. 1995) and therefore
forms a reference to which others can be compared. The dominant source of basin fill of the Madeira
Basin has switched through the study period as has the Herodotus Basin from an Libyan/Egyptian
shelf source to a predominantly Nile cone source since 27 ka. The sedimentation and volume rates
are higher for the Herodotus because of the high sediment supply from the River Nile and the smaller
width of bounding shelf/slope compared to that of the Madeira Abyssal Plain (Table 3_5).
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Basin Characteristics
Basin Area
Drainage Area
Drainage/Basin Area
Volume of Turbidites
- within depositional period studied
Depositional Period Studied
Volume/ Unit Time
Width of bounding continental shelf/slope
Sedimentation Rate throughout Basin
Madeira Abyssal Plain
68,000 km2
3.36x10* km2
49*
600 km3
300 ka
2 kmV *
1000 km
9 cmka"1*
Herodotus Basin
40,000 km2
1.9xl06km2
48
840 km3
27.5 ka
30.5 kmV
150 km
83 cmka"1
Table 3_5. Comparison of basin characteristics of the Herodotus Basin to the Madeira Abyssal Plain.
*(cf. Rothwell etal,\992)
Conclusions
The Herodotus Basin represents the deepest part of the south-eastern Mediterranean and receives
allochthonous sediments from turbidity currents primarily from four sediment sources: 1) the dark-
coloured, fine grained turbidites from the Nile Cone to the south and south-east, 2) lighter coloured,
calcium carbonate-rich, slightly coarser-grained turbidites from the Libyan/Egyptian shelf to the
south-west, 3) pale, foraminifer and calcium carbonate-rich turbidites from the Anatolian rise region
to the east and north-east, and 4) small localised debris flows from the Mediterranean Ridge to the
north.
Approximately 50% of the Herodotus 'Abyssal Plain' is no longer bathymetrically a true plain in
the conventional sense due to neotectonic deformation against the Mediterranean Ridge accretionary
prism. Echo-sounding and 3.5 kHz high resolution seismic profiles collected during R/V Marion
Dufresne Cruise 81 show that part of the SW proximal plain is probably part of the sandy lower rise
of the Nile Cone and that the northern part of the plain has been deformed into a belt of small ridges
and troughs, up to 100m in height above the surrounding seafloor. This region which is at least 40 km
in width and laterally extensive is interpreted as the deformation front associated with the
Mediterranean Ridge accretionary complex.
A megaturbidite, derived from the Libyan/Egyptian shelf, has been dated at approximately 27 ka
with an approximate volume of about 400 km3. This does not take into account local variations in
sediment thickness related to the ridge-trough topography. The turbidites have been correlated across
the Herodotus Basin using major, minor and trace element geochemistry. Each turbidite event has a
characteristic geochemical signature allowing excellent chemostratigraphic correlation. Sediment
colour, mineralogical and geophysical properties can also be used to correlate the turbidites but the
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chemostratigraphy provides the most reliable method. This study shows the value of
chemostratigraphy as a correlation tool, providing the same size grain fraction is used in the analysis.
The main depocentre of the Herodotus Basin for the last 27 ka is centred on latitude 3336'N,
longitude 2857'E, near the location of core LC29. GLORIA side-scan sonar records show this is
related to the presence of meandering channels, which provide sediment input to this region from the
Nile Cone.
The cumulative volume of the sedimentary input for the Nile Cone is calculated at approximately
500 km3, giving an average sedimentation rate of approximately 45 cmka"1 and a volume per unit
time of lSknVka"1.
The small Anatolian rise derived 'Type-C turbidites contribute little to the Herodotus Basin fill
with a volume of approximately 12 km3 and a sedimentation rate of 1.1 cmka"1.
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3.2 Late Quaternary turbidite input into the Eastern Mediterranean Basin:
New radiocarbon constraints on climate and sealevel control
This section details the relationship between the flux of turbidites on the Herodotus Basin plain
and the timing with respect to the local and regional climate and the eustatic sea level curve. The
radiocarbon dates presented supersede'the estimates presented in Chapter 3.2. The sedimentology
and stratigraphy remains as in that section. The following article has been submitted for publication
following presentation of a poster at an international conference (International Conference on the
Geology of the Mediterranean, ICGEM 3, Cyprus 1998, see Appendices B2 and B3).
The content of the paper originates from my research of the five Herodotus Basin long-piston
cores recovered during the MD81 cruise. Supervisors Dr Dorrik Stow and Dr Guy Rothwell
reviewed the completed manuscript, commenting upon areas that required further discussion or:
elaboration.
Reeder, M. S., Stow, D. A. V. and Rothwell, R. G., in review. Late Quaternary turbidite input into
the Eastern Mediterranean Basin: New radiocarbon constraints on climate and sealevel control,
Proceeding of the 3rd International Conference of the Geology of the Mediterranean, Geological
Survey of Cyprus.
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Staff at the Geological Survey of Cyprus, Nicosia
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Abstract
Cyclic patterns of sedimentation, named cyclothems (senso Maldonado & Stanley, 1976), are
seen to show a tri-partite structure in the late Pleistocene sediments of the Herodotus Basin, SE
Mediterranean. The ordered repetition of 1) Nile Cone-derived turbidites overlain by 2) a
Sapropelic layer and topped by 3) North African shelf and Anatolian Rise-derived turbidites,
has been dated and correlated to the eustatic sea level curve of the past 30,000 years.
Radiocarbon dating of planktonic foraminifera and pteropod shells from the pelagic and
hemipelagic intervals between the autochthonous sedimentary units, has given bracketing dates
for each major turbidity current event that bypassed the sedimentary fan of the Nile Cone
depositing sand and mud on the Herodotus Basin plain.
Emplacement dates indicate that deposition is controlled primarily by the late Pleistocene
climate of the Eastern Mediterranean basin. Timing of turbidite emplacement from three
discrete sources involves an intricate relationship between the regional climate, the eustatic sea
level curve, physical oceanography and the geology of the sediment source areas.
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Introduction
The Herodotus Basin is a SW-NE trending elongate depression lying to the NW of the Nile Cone
and has a bathymetry in excess of 3000 m. It is the largest basin in the Eastern Mediterranean with the
3000 m isobath delineating an area of approximately 27,000 km2. The detailed physiography of the
basin is presented by Reeder et al. (1998) with the areal extent of late Pleistocene ponded sediment
calculated to be in the order of 40,000 km2 (Figure 3_14), significantly greater than the area based on
the 3000 m isobath as sediment overspilled this level up to at least 2700 m in places.
Late Pleistocene Herodotus Basin Sedimentation \
The late Pleistocene sedimentary characteristics of the Herodotus Basin are reported in detail by
Cita et al. (1984a), Lucchi & Camerlenghi, (1993) and Reeder et al. (1998). Reeder et al. (1998) used
the cores from this present study {Marion Dufresne Cruise 81) to correlate sediments across the
Herodotus Basin, noting the cores penetrated a maximum depth of 24.2 m and the emplacement of the
oldest sediments dated at less than 30 ka BP (Table 36). Hence, all the sediments are from the late
Pleistocene and mainly comprise allochthonous sediments from four discrete sediment sources
(Figure 3_14). Sources have been determined both by mineralogical content (Cita et al., 1984a;
Lucchi & Camerlenghi, 1993) and by the measured decrease of turbidite and sand-fraction
thicknesses with increased transportation, (Reeder et ah, 1998). Turbidites have been named 'a' to
'p,' where 'a' represents the youngest and 'p' the oldest of the events.
Core
Number
LC24
LC25
LC27
LC29
LC30 ;;,
Water
Depth
(m)
3191
3129
3131
3138
3144
Latitude
3217.71'N
3236.01'N
3248.91'N
'3335.63'N
3404.70' N
Longitude
2637.95'E
2723.25'E
2740.45' E
2856.32' E
2942.72' E
Core
Length
(m)
18.31
13.71
14.95
24.66
25.82
Table 3_6. Water depth, positions and lengths for the 5 long-piston cores
collected during Marion Dufresne Cruise 81 (MD81).
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By far the most abundant allochthonous sediments (in terms of number of events on the Herodotus
Basin in the late Pleistocene) are turbidites derived from the organic-rich Nile Cone source. These
have been termed 'Type-A' turbidites, following the nomenclature of the :first: description of
allochthonous sediments from the basin by Cita et al. (1984a). They range from 15 to 750 cm in
thickness and are fine-grained turbidites with thin (maximum of 30 cm thick) silty and sandy bases,
(Reeder et al., 1998). The second most abundant source is the NE African shelf ('Type-B' turbidites)
with thicknesses ranging from 6 cm to over 16 m, (Figure 315). These more carbonate-rich (typically
40-50 % CaCO3) sediments are easily recognisable from their Nile Cone counterparts by their lighter
coloration, (Reeder et al., 1998). The light olive/grey 'Type-B' turbidites reflect the abundance of
carbonate shelf organisms, whilst the 'Type-A' Nile Cone-derived turbidites are dark brown/grey and
reflect their abundance in plant and other terrigenous material. Two further discrete sources have been
described by Reeder et al. (1998), being 'Type-C turbidites derived from the Anatolian Rise to the
NE of the Herodotus Basin, and the debris flow deposits (debrites) from the Mediterranean Ridge on
the northern flank of the basin (Figure 314).
The petrology, geochemistry, correlation and stratigraphy of the late Pleistocene sediments of the
Herodotus Basin are presented in detail elsewhere (Cita et al., 1984a; Lucchi & Camerlenghi, 1993;
Reeder et al., 1998) and summarised partially here in Figure 3_1§.;:
Although the late Pleistocene stratigraphy of the Herodotus Basin has been comprehensively
studied, the dating of the turbidite events, in respect to their relationship with climatic changes and
eustatic sea level fluctuation, has only previously been estimated. Nannofossil zonation indicated that
all turbidites were deposited within the last 60 ka, and hemipelagic accumulation between the
turbidites allowed an estimate of tentative emplacement dates for all events (Reeder et ah, 1998).
This paper presents and discusses absolute dates for turbidite emplacement on the Herodotus Basin
plain, based on radiocarbon dating of the pelagic and hemipelagic intervals between the turbidites.
The patterns seen in the Herodotus Basin cores have been related to climatic changes and fluctuations
in the eustatic sea level during the latest Pleistocene.
AMS Radiocarbon (14C) Dating
By sampling the planktonic foraminifera from pelagic horizons overlying and underlying
turbidites, bracketing emplacement times were obtained for each event. The AMS radiocarbon dating
method of Thomson & Weaver, (1994) was used and entailed the sampling of the whole of the
pelagic thickness including the top 10-15 cm of the underlying turbidite to include any forams
reworked by burrowing fauna into the top of the underlying turbidite.
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In total, ten samples were collected from the Herodotus Basin cores, with locations shown in
Figure 3_15. Larger planktonic foraminifera are expected to be the least susceptible component of the
pelagic interval to be redistributed by currents and thus the most suitable for dating. Sieving of the
pelagic and turbidite mud obtained the >150 m size fraction and the clean planktonic foraminifera
and pteropods were selected. All other bioclastic and lithic material, together with forams and
pteropods contaminated with sediment were removed from the >150 m sieved fraction by hand
picking.
Corrections to the raw 14C dates were made to account for the relationship between the
radiocarbon and calendar timescales by applying the correction factor of 'Calendar Years = 1.24*(14C
Years)
- 440' (Bard et al, 1993). The values include a correction of 400 years to account for the
offset 14C age of the atmospheric and oceanic mixed-layer reservoir (Stuiver 1990).
Timing op emplacement of late Pleistocene turbidites
The results of the radiocarbon dating are presented in Figure 316 and Table 37. By bracketing
the emplacement of the turbidite an average date has been obtained for each event. Three distinct
periods of time have been discerned, relating to the source of the emplaced turbidites and the position
within the eustatic sea level cycle.
i) Lowering sea level (30-17 ka BP)
The sedimentary sequence at the onset of the last glacial is noteworthy due to its lack of turbidites
derived from the Nile Cone ('Type-A'). Over the approximate 13 ka period no 'Type-A' turbidites are
present in the Marion Dufresne 81 cores. The interval consists solely of higher carbonate-rich
sediments with shelfal and mixed compositional sources. These 'Type-B' and 'Type-C turbidites are
commonly minor events in comparison to the latter 'Type-A' turbidites in respect to thickness and
volume (Figure 315, Table 3_7). The exact frequency of the deposition of the small 'Type-B' and
'Type-C turbidites is undated, but can be estimated to be in the order of one every 1.5 ka.
Significant sedimentation did occur during the onset of the last glacial period. The 'Type-B'
Herodotus Basin Megaturbidite (HBM, after Reeder et al, in press) was deposited, and has been
attributed to a possible increase in primary productivity on the carbonate North African shelf, coupled
with loss of hydrostatic pressure and possible tectonic oversteepening of the continental slope. This
anomalous event of the latest Pleistocene of the Herodotus Basin deposited a volume of
approximately 400 km3 in a transport direction from the SW to the NE (Reeder et al, 1998; in press).
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aChapter 3-the Herodotus basin
The deposition of 'Type-B' and 'Type-C turbidites may be related to the tectonic activity or an
increased primary productivity on the more carbonate-rich North African and Anatolian Rise source
areas.
ii) Rising sea level (17- 6 ka BP)
Following the lowest sea level stand of the last glacial, the pattern of sedimentation changed
notably as sea level rose rapidly at a rate of approximately 12.5 m/ka or 1.25 cm/a. During this period,
and in contrast to the period preceding the glacial, the Herodotus Basin stratigraphy was dominated
by thicker Nile Cone-derived turbidites ('Type-A'), rather than the thin North African shelf and
Anatolian Rise-derived turbidites.
The Nile Cone received vast quantities of sediment and entered a period of major sediment
accumulation (Mart, 1993). Several larger-scale turbidites bypassed the fan to reach the basin plain,
entering the relatively flat basin adjacent to the location of core station LC29, as shown by the
thickest accumulation of 'Type-A' turbidites at this location (Figure 3 15) and the interpretation of
distributary channels in this vicinity (Reeder et ah, 1998). Possible accumulations of sediment
deposited on the Lower and Middle Cone during the low stand may have been remobilised to give the
increase in flux of Nile Cone-derived turbidites at this time, emplacing a volume of approximately
300 km3 of Type-A turbidites during this period (Table 3_8).
Foraminiferal assemblages of the Nile Cone-derived turbidites all show deposition under warm-
water conditions, i.e. on the warming cycle of the climatic curve, except for turbidites T and 'g',
which show mixed cold/warm assemblages (Kahler & Dossi, 1996). Turbidite 'o', dating from around
30 ka BP, shows a complete cold assemblage of planktonic forams, demonstrating deposition during
the onset of the global cooling. The two mixed assemblage turbidites may be a result of a mixing of
warm sediment deposited on the cone during the warming cycle and older turbidites sediments
deposited on the outer fan before the last glacial maximum.
in) Sea level highstand (6.5-0 ka BP)
Towards the end of the sea level rise, anoxic bottom water conditions occurred across the Eastern
Mediterranean basin leading to deposition of the organic-rich SI Sapropel. During its formation only
small-volume Nile Cone turbidites ('a', 'b' and V) were deposited, continuing the pattern of mono-
source input on the Herodotus Basin plain.
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Turbidite
turbidite 'a'
turbidite 'b'
turbidite 'c'
debrite
turbidite 'd'
turbidite 'e'
turbidite 'f
turbidite 'g'
turbidite 'h'
turbidite 'i'
turbidite 'j'
turbidite 'k'
turbidite T
turbidite 'm'
turbidite 'n'
turbidite 'o'
turbidite 'p'
Type
A
A
A
A
A
A
A
B
B
B
C
C
B
A
B
Approximate
Volume*
(km3)
0.1
6.0
80.0
2.4
126.0
25.2 r-:
0.1
72.0
2.2
0.8
0.8
8.0
0.04
4.0
400
190?
0.1?
Age of overlying
dated pelagic interval
(Years BP)
.rrv
1 6500 (SI)
J
J
9500 (SI)
11620
12215
13105
> 16635
J
\ 20055
J
25425
28825HBM
?
Age of underlying
dated pelagic interval
(Years BP)
9500 (SI)
11620
12215
13105
16635
20055
25425
28825HBM
?
?
Interpolated
Depositional Age**
(Years BP)
7000
7500
8000
8500
10560
11920
12660
14870
17490
18345
19200
21400
22740
24085
27125HBM
>28825
Table 3_8. Interpolated depositional ages for the late Pleistocene Herodotus Basin turbidites.
* Volumes from Reeder et al. (1998, see Table 3_4)
** Mean date of the overlying and underlying pelagic intervals
HBM
Dates for the Herodotus Basin Megaturbidite after Reeder et al. (in press, see Chapter 4)
The record of sedimentation after the deposition of the SI Sapropel is poorly preserved in the
MD81 cores. There is an inherently high amount of deformation caused by the piston coring
technique, which may have removed a small quantity of the most recent sediments. However, the
sequence is dominated by the presence of thin 'Type-B' turbidites (un-named) and thin hemipelagic
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intervals (Figure 3_15). This suggests that the last 6.5 ka was a very quiet period with in the order of
2 metres of sediment being deposited, which equates to an accumulation rate of approximately 3
cm/a.
Eastern Mediterranean climate and late Pleistocene turbidites
There is a strong relationship between the source of sediments and the eustatic sea level curve of
Shackleton (1987) for the late Pleistocene (Figure 3_16). The control on this source-specific
sedimentation is believed to be climatic changes over the North African hinterland. As the region
passed through a dry, cold glacial the sedimentation in the region would have been considerably
different from that of the post-glacial warming, humid phase.
i) Deposition during a dry, cold climate (30 ka to 17 ka)
On most submarine fans world-wide, periods of low stand and lowering sea level lead to an
increase in turbidite sedimentation. However, in the case of the Nile Cone and the Herodotus Basin,
the climate in the source area rather than the actual position of sea level seems to have dictated the
supply of material to the area and have actually led to a decrease in turbidite sedimentation. The River
Nile had entered a period of quiescence and was known as the ß-Neonile (Said, 1990). The river was
characterised by occasional, severe storms, which deposited small amounts of sediment in the Nile
Delta region. The sedimentary discharge of the river into the Mediterranean Sea was much reduced in
comparison to the preceding Prenile and the a-Neonile (Said, 1990).
Redistribution of sediments from the Middle and Upper Cone may have occurred, but few
turbidites from that source and with that specific deltaic floral assemblage reached the Herodotus
Basin during this period. Most of the turbidites to reach the Herodotus Basin occurred on the warming
cycle of the climatic curve and contained vegetation characteristic of a herbaceous deltaic region
during a humid climate (Ross et al., 1978).
ii) Deposition during a wet, humid climate (17 ka to 6.5 ka)
After the glacial maximum, (approximately 17 ka BP), the climate of the region began to
ameliorate, the vegetation pattern changed from a cold, dry ecosystem to a humid, lake and marsh
dominated by a herbaceous flora (Cheddadi et al., 1991; Cheddadi & Rossignol-Strick, 1995). This
inter-glacial/pluvial period also led to an increase in sedimentary output onto the Nile Cone as a direct
result of increased precipitation in the Nubian Massif (Ethiopian highlands) to the south of the Nile
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Delta (Said, 1990). The more humid conditions and increased vegetation cover are confirmed by the
high organic detritus content recorded in sediments collected from the Nile Cone and Herodotus
Basin dating from this period (Ross et al, 1978; Cita et al., 1984a; Lucchi & Camerlenghi, 1993).
The AMS dating does not indicate any increase or decrease in the flux of turbidites during the
period of sea level rise, suggesting that ^a ^possible status quo existed between the amount of
accommodation space created by the tectonic subsidence of the region and the rising sea level, and the
increased amount of supply by the Neonile.
The climate of the Eastern Mediterranean changed towards the end of the deglaciation (13 ka) with
the onset of a more severe desert in the Nile drainage basin (Cheddadi & Rossignol-Strick, 1995).
This increase in aridity may explain the gradual decrease in thickness and volume of the Nile Cone-
derived turbidites on the Herodotus Basin plain, as most turbidity currents were not of a sufficient size
to bypass the fan system.
Approximately 10 ka BP reforestation occurred in the hinterlands of the Mediterranean, leading to
a rejuvenation in supply of nutrients to the Eastern Mediterranean basin (Cheddadi et al, 1991). An
increase of fresh water from influxes of snow melt and river discharge is thought to have caused a
disruption to the thermohaline currents of the Levantine and Ionian Seas and initiated an increase in
the primary productivity of the planktonic fauna (Maldonado & Stanley, 1978; Stanley & Maldonado,
1979; Bethoux, 1993; Rohling, 1994; Higgs et al, 1994; Aksu, 1995). Stratification of the water
column occurred, leading to stagnation of the bottom waters and deposition of the organic-rich
SapropelSl.
The climate of the North African margin has remained fairly constant since 6.5 ka BP with arid
conditions prevailing and lower rates of accumulation on the Nile Cone.
Cyclothems and climatic forcing of sedimentation
Based on an analysis of 65 piston and gravity cores, which collectively penetrated up to 55 ka into
the Nile Cone record, Maldonado & Stanley, (1976; 1979) and Stanley & Maldonado, (1979) noted a
cyclic repetition of sedimentary facies that correlated to broad variations in the palaeoclimate. The
referred to these as 'cyclothems', parts of which can be recognised in the MD81 cores, as shown in
Figure 3_16.
The cyclothems of the Herodotus Basin cores are represented by the changes in sedimentary
sources of the turbidites, which can clearly be seen to relate to the climatic cycle and the eustatic sea
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level curve. A single cyclothem consists of three main constituents: (1) a lower dark brown/grey
hemipelagic mud and turbidite sequence ('Type-A', Nile Cone-derived), overlain by (2) a dark grey
to black sapropelic layer, and (3) an upper pale olive/grey hemipelagic mud and turbidite sequence
('Type-B' and 'Type-C turbidites). This sequence is clearly present in the MD81 cores, although
preservation of the uppermost 'Type-B' and 'Type-C sequence in cyclothem 1 is poor and
penetration of the lowermost 'Type-A' sequence of cyclothem 2 is also limited.
Maldonado & Stanley (1976; 1979), noted that the patterns varied between cores collected in the
Herodotus Basin to those collected on the Nile Cone. The lowermost sequence was often
proportionally thinner in the basin, whereas the uppermost sequence was proportionally thicker in the
basin cores. In a semi-enclosed basin, such as the Eastern Mediterranean, sedimentation into the
Herodotus Basin is more evidently controlled by the regional climate. Although the lowering and
rising of sea level created opportunities for varied rates of sedimentation on the lower Nile Cone and
the Herodotus Basin, the regional climate influenced the pattern of sediments emplaced on the
Herodotus Basin plain during the past 30 ka.
The climate forced the style of sedimentation at the source areas on the flanks of the Herodotus
Basin, and controlled the timing of transport of these sediments to the basin plain. When the region
was starved of Nile Cone clastic sediments in the upper sequence of the cyclothems, the more
carbonate-rich source areas had higher accumulation, leading to dominance of calci-turbidites in the
basin stratigraphy (Figure 317).
Conclusions
The latest Pleistocene (0-30 ka BP) allochthonous sedimentation of the Herodotus Basin has been
controlled predominantly by the regional climate of the Eastern Mediterranean basin. The three
sources of turbidites follow a cyclistic pattern (forming a cyclothem) and can be related to both
climate changes and eustatic sea level fluctuation during this period.
The timing of turbidite emplacement, using AMS radiocarbon dating, involves a combined
influence from:
i) regional climate, controlling the supply of sedimentary material to the basin;
ii) eustatic sea level fluctuation, effecting location of sedimentary accumulation; and
iii) the geology and geomorphology of the sediment source area, determining the composition,
stability and volume of sedimentary accumulations on the flanks of the Herodotus Basin.
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End of Cyclothem 2 (30-17 ka BP)
Lowering sea level
- dry climate
Reduced supply of sediment
by the River Nile as hinterla
climate enters a dry, cold
Lowering of sea level by upto 130 m
and tectonic oversteepening
of shelf
Deposition of turbidites and
megaturbidites derived from the
North African carbonate shelf
KEY
Temporary storage of Type-A
turbidites on the lower
Nile Cone
MD81 core
positions
Major sediment
j^- sources
Course of the HBM
(after Reeder et et, in
press, see Chapter 4)
Small-scale turbidite deposition from the
Anatolian Rise
Start of Cyclothem 1 (17- 0 ka
Rising sea level-humid climate
Reforestation of hinterland with
increased precipitation and
Supply by the Nile River
Rising sea level at a rate of 2.5 cm/a, giving
ceasation of North African shelf-derived
turbidites, a gradual stratification of the
water column and eventual Sapropel formation
Remobilisation of lowstand deposited
Nile Cone sediments (turbidites T
and 'g'). Increase of organic content of
'Type-A' turbidites as more sediment is
supplied from the forested Delta.
VERTICAL
EXAGGERATION
APPROX: 40:1
Localised debris flows from the Mediterranean
Ridge during Sapropel SI formation. General
decrease in sediment supply during this period
as sea level enters a highstand, starving the basin
Figure 3_17. 3D schematic box models for the climate controlled variation in source for the two end members
of the Herodotus Basin cylothems. a) During the upper part of the cyclothem sequence, the stratigraphy is
dominated by 'Type-B' and 'Type-C turbidites. derived from the North African shelf and slope and the
Anatolian Rise, respectively, b) The lower part of the cyclothem sequence is controlled by the rejuvenated
sedimentary discharge from the River Nile, with 'Type-A1 turbidites abundant in the Herodotus Basin cores.
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Chapter 4 - The Herodotus Basin Megaturbidite (HEM)
4.0 Introduction to This Chapter
Chapter 4 presents a paper detailing the characteristics of the Herodotus Basin Megaturbidite
(HBM) introduced in Chapter 3. The Herodotus Basin has been introduced in Chapter 2 and the
analytical techniques used on the five cores collected from the study area are reported in Chapters 1
and 2.
This chapter comprises a published paper resulting from a presentation at the Geological Society
GEOSCIENCES conference held in Warwick in April 1996. An abstract of this presentation and a
copy of the poster may be found in Appendices CI and C2, respectively.
Chapter 4 endeavours to describe the source, correlation and physical properties of the Herodotus
Basin Megaturbidite. The scientific paper has been submitted, reviewed and corrected to the
standards required for the Marine and Petroleum Geology journal. The article concerns the source,
timing and possible triggering mechanisms for the emplacement of the megaturbidite, with a
discussion on the geometry and nomenclature of such large flows and deposits. This discussion,
together with further aspects of the HBM and similar deposits is elaborated upon in Chapter 7 of
PART D of this dissertation. The introduction to the study area and methods used are only mentioned
briefly in this paper, with more detailed descriptions presented in Chapters 1, 2 and 3.
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4.1 INFLUENCE OF SEA LEVEL AND BASIN PHYSIOGRAPHY ON EMPLACEMENT OF THE LATE
PLEISTOCENE HERODOTUS BASIN MEGATURBIDITE, SE MEDITERRANEAN SEA
The following paper resulted from presentation during a symposium entitled 'Deep-water
sedimentary systems- reservoirs and source rocks' at the GEOSCIENCE 98 conference (l^1801
April, Keele University). The abstract and poster presentation may be found in Appendices C, and
this submitted article has been published electronically on the Elsevier Webpage (www.elsevier.nl) at
the time of completion of this thesis.
The content of the paper originates from my research of the five Herodotus Basin long-piston
cores recovered during the MD81 cruise. The co-authors reviewed and corrected the manuscript as to
reach the required standards for journal publication.
Reeder, M. S, Rothwell, R. G. and Stow, D. A. V. 2000. Influence of sea level and basin
physiography on emplacement of the late Pleistocene Herodotus Basin Megaturbidite, SE
Mediterranean Sea, Marine and Petroleum Geology, 17, 199-218.
Reviewed by:
Mike Mayall- Editor to the special edition (BP/Amoco, Sunbury)
Two anonymous reviewers.
Their comments on the text are acknowledged in the improvement of this paper.
Note: Where Reeder et al. (1998) is cited in this chapter it is in reference to the paper presented in
Chapter 3 1.
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Influence of sea level and basin physiography on emplacement of the late
Pleistocene Herodotus Basin Megaturbidite, SE Mediterranean Sea
Michael S. Reeder(a) *, R. Guy Rothwell(b), Dorrik A. V. Stow (a)
(a) School of Ocean and Earth Sciences, University of Southampton.
(b) Challenger Division for Seafloor Processes
Southampton Oceanography Centre, European Way, Empress Dock, Southampton, SO 14 3ZH.
Abstract
Radiocarbon (14C) dates from pelagic intervals above a megaturbidite in the Herodotus Basin
give direct evidence of emplacement at the beginning of the last glacial period, approximately 27,000
calendar years before present, as sea level lowered rapidly and entered a low stand phase. The
Herodotus Basin Megaturbidite is a basinwide deposit that forms a recognisable acoustically-
transparent layer on the 3.5 kHz high-resolution seismic profiles and covers an area of
approximately 40,000 km2. It thins from about 20 m in thickness proximally to some 10 m distally
over a basin length in excess of 400 km. The total volume is estimated at around 400 km3, which is
significantly more than the volume of sediment that could have been displaced from its most likely
source area, the funnel-shaped marginal embayment of the Gulf of Salum to the west of the Nile
Cone. The additional material may have been derived, in part, from synchronous failures on other
parts of the Libyan/Egyptian shelf and slope, but most is believed to have come from large-scale
erosion at the base of the very large-volume turbidity current that was generated from the original
slide.
Detailed sedimentary analyses of cores recovered from the megaturbidite show its distinctive
characteristics: graded sand, silt, mud and bioturbated mud units; poorly developed structures
proximally becoming more distinct and ordered distally; variation in grain size and structures that
suggest either flow separation/reflection around topographic highs and/or an inherently unstable
flow; and a mixed-source bioclastic-terrigenous composition. These features, together with its size
and lateral extent, would make any similar megabed an excellent marker horizon in basin analysis.
A combination of factors was responsible for triggering the initial slide-debris flow event that
evolved downslope into this mega-turbidity current. These include lowered sea level that
destabilised the outer shelf - upper slope sediments, tectonic oversteepening of the margin, relatively
high rates of sedimentation, and seismic activity.
Keywords: Herodotus Basin; megaturbidite; Acoustically Transparent Layer; low sea level;
physiography; slope failure, radiocarbon dating
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1. Introduction
Megaturbidites are the deposits from large-volume turbidity currents, generated by large-scale
slope failures and typically form stratigraphically extensive horizons in the geological record. They
occur commonly in deep ocean basins having bypassed the feeder channels, fan or slope apron
systems. Reports of megaturbidites have increased over the last decade since the term was introduced
by Mutti et al (1984) but little is known about their properties and the circumstances that govern the
deposition of a large thickness and volume of sediment in one event. Megaturbidites can form a
significant part of the basin fill and may be important as potential hydrocarbon reservoirs. Where
they occur as basinwide deposits with distinctive characteristics, they are particularly important as
stratigraphic markers.
The relationship between turbidite emplacement and eustatic sea level has been discussed in the
literature (e.g., Shanmugam & Moiola, 1982; 1984; Vail et al, 1977; Posamentier & Vail, 1988;
amongst others). These reports suggest that turbidites in general are deposited preferentially during
lowered sea level. The relationship between large-volume turbidity currents and sea level change has
also been discussed by several authors but remains poorly understood (Weaver & Kuijpers, 1983; Cita
et al, 1984a; Marjanac 1996; Rothwell et ah, 1998). A review of the emplacement dates obtained
from several reported case studies as well as the Herodotus Basin Megaturbidite discussed in this
paper suggests that megaturbidites from the recent record (<1 Ma BP) are generally related to sea
level low stands whilst older deposits (> 1 Ma BP) have been ascribed predominantly to seismic
events.
Several authors have attributed the emplacement of megabeds to seismic activity causing upslope
slide failure, followed by its downslope evolution into a debris flow and turbidity current. Examples
include Recent deposits from the Sohm (Heezen & Ewing, 1952; Piper & Aksu, 1987) and Hatteras
Abyssal Plains (Elmore et al, 1979; Prince et al, 1974) and ancient examples such as the Gordo
Megabed of the Tabernas Basin in SE Spain (Kleverlaan 1987), the Doumsan Megabed in South
Korea (Chough et al, 1990), the Hecho Group Megabeds of the Spanish and French Pyrenees (Rupke
1976; Labaume 1983; Seguret et al, 1984; Puigdefabregas 1986), and several examples from the
northern Apennines (Bernouilli et al, 1981; Amorosi et al, 1996).
Other authors have proposed the influence of sea level on the initial triggering and subsequent
emplacement of megaturbidites. Examples include the Horseshoe Abyssal Plain megaturbidites off
the Iberian Margin (Lebreiro et al, 1997), the Balearic Abyssal Plain Megabed of the Western
Mediterranean (Rothwell et al, 1998), the Madeira Abyssal Plain megaturbidites of the NW African
Atlantic margin (Weaver & Rothwell, 1987; Weaver et al, 1992; Rothwell et al, 1992), submarine
slumping of the southern margin of Israel, as well as Eocene examples from the Dalmatian flysch
(Marjanac 1996) and the Basco-Beanaise megabeds of the Western Pyrenees (Souquet et al, 1987).
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The release of buried clathrates has also been proposed as a trigger mechanism for slides, in
conjunction with sea-level change, seismic activity or thermal warming of sediments (Bugge et ah,
1987, Evans et ah, 1996). Other mechanisms such as boloidal impacts (Iturralde-Vinent 1992),
tsunami wave impact (Cita et ah, 1984b, 1996; Heike 1984) and over-supply and under-consolidation
of sedimentary material (Doyle & Bourrouilh, 1986) may be important factors in emplacement of
some megabeds..
This paper describes the sedimentary and seismic characteristics of the late Pleistocene Herodotus
Basin Megaturbidite (HBM) of the south-eastern Mediterranean Sea and details its relationship to
eustatic sea level change and the physiography of the basin.
2. The Herodotus Basin
The Herodotus Basin forms the deepest part of the south-eastern Mediterranean Sea and is defined
by the 3000 m isobath (Figure 4_ 1). This elongate depression is bounded to the north-west by the
accretionary prism complex of the Mediterranean Ridge (or Outer Hellenic Ridge) and to the south¬
east by the Nile cone. The SW and NE ends of the basin are bounded by the Libyan/Egyptian
continental slope and the Anatolian (or Florence) rise respectively. The deepest part of the basin
(below the 3000 m isobath) has an approximate area of 40,000 km2.
The evolution of the Herodotus Basin and the south-eastern Mediterranean region has been
discussed by several authors (Stride et ah, 1977; Ross et ah, 1978; Sestini 1984; Mart 1993, and
others). Vertical migration of Messinian evaporites and compression associated with subduction of
the African plate under the Eurasian plate deformed the northern boundary of the basin during the late
Miocene and Pliocene (Mart 1993). Progradation of the Nile Cone during the Pleistocene, folding,
slumping and halokinesis on the Mediterranean Ridge accretionary prism and initiation of faulting of
the coastal belt between Libya and the Nile Delta have all contributed to the present-day physical
characteristics of the basin. The Nile Cone is encroaching northwards into the Herodotus Basin while
the Mediterranean Ridge is accreting southwards narrowing the basin width and hence reducing its
size over time (Reeder et ah, 1998). The oversteepened faulted continental slope and narrow shelf off
North Africa led Sestini (1984) to describe the passive NE African margin as an "Unstable Shelf."
The continental margin is characterised by late Miocene shallow-water marine carbonates and
restricted-basin and sabkha evaporites, reflecting the dominance of marine rather than terrestrial
sedimentation in the region (Sestini 1984; Said 1990).
2.1 Late Pleistocene Herodotus Basin Sediments
The sediments of the Herodotus Basin are derived from four main sediment sources, and delivered
to the basin by turbidity current and debris flow processes. Reeder et ah (1998) used the
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nomenclature of Cita et al. (1984a) to describe these sediment sources. Turbidites derived from the
Nile Cone are termed 'Type-A,' and those derived from the Libyan/Egyptian Shelf termed 'Type-B.'
A further source was identified by Reeder et al. (1998) and called 'Type-C turbidites, being derived
from the Anatolian Rise to the east of the basin. The fourth source is the Mediterranean Ridge along
the northern flank of the basin from which localised debrites have been derived (Figures 4_1 and
2_2).
The late Quaternary sediment sequence from the basin plain shows the majority of turbidites to be
derived from the Nile Cone. These terrigenous quartz and organic-rich Nile Cone turbidites ('Type-
A') are generally much thinner (15 to 750 cm thick) than the more calcareous Libyan/Egyptian shelf-
derived ('Type-B') turbidites (6 to 1570 cm thick, see Figure 4_2). Reeder et al. (1998) calculated an
emplacement frequency of one turbidite approximately every 5 ka for the Nile Cone-derived
turbidites and 1 per 6 ka for the Libyan/Egyptian source. The physical and mineralogical differences
between the 'Type-A,' 'Type-B' and 'Type-C turbidites are summarised in Table 4_1.
Characteristics
Colour
Clay Mineralogy
Thickness
Coarse Fraction Composition
Source
Grain Size
Sedimentary Structures
Calcium Carbonate
Percentage
Number if events during
period of study (~28 ka)
'Type A'
Turbidites
10YR3/2
-80 % Smectite
15 to 750 cm
Predominantly
terrigenous
Nile Cone
mud and silty-mud
Few laminae
-10%
8
'Type B'
Turbidites
10YR6/2
Equally
proportionate
Illite/Smectite
6 to 1570 cm
Mixed carbonate
and terrigenous
Libyan/Egyptian
slope and shelf
silty and sandy
muds
Abundant
laminations
> 40 %
4
'Type C
Turbidites
10YR6/4
60 % Smectite, 25
% IUite
10 to 72 cm
Predominantly
carbonate
Anatolian Rise
mud with thin
silty bases
None
-40 %
3
Table 4_1. Summary of the sedimentological differences between the 'Type-A' (Nile Cone), the
'Type-B' (Libyan/Egyptian shelf and upper slope) and the Type-C (Anatolian-Rise) turbidites.
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This paper differs from the previous studies of Reeder et al. (1998), Lucchi & Camerlenghi,
(1993) and Cita et al. (1984a) by concentrating solely on the physical and sedimentological
characteristics and the timing of emplacement of the HBM. It describes the detailed sedimentology
and presents absolute radiocarbon dates of the megaturbidite, with inferences for the triggering and
mode of emplacement. The general architecture, petrology and sedimentology have been described in
the above previous studies and the reader is directed to these publications for a general overview of
the late Pleistocene sedimentology and stratigraphy of the Herodotus Basin.
3. The Herodotus Basin Megaturbidite (HBM)
Five giant piston cores (Figure 4_2) were recovered on a 350 km SW-NE transect of the
Herodotus Basin during Marion Dufresne Cruise 81, with a spacing of 50-100 km between core
stations (Figure 4_1 and Table 4_2). These cores are dominated by a >10 m thick, pale olive/grey
mud unit showing a positively graded grain-size distribution and turbidite sedimentary structures.
This thick unit has similar compositional and sedimentary and geochemical characteristics in each of
the five cores, suggesting it was deposited from the same turbidity flow (Reeder et al., 1998).
Core
LC24
LC25
LC27
LC29
LC30
Latitude
3217.71'N
3236.01'N
3248.91TSf
3335.63'N
3404.70'N
Longitude
2637.95'E
2723.25'E
2740.45'E
2856.32'E
2942.72'E
Water depth
(corrected m)
3191
3129
3131
3138
3144
Core length
(m)
18.31
13.71
14.95
24.66
25.82
Table 4_2. Location of the Herodotus Basin long-piston cores collected during Marion
Dufresne Cruise 81 (Cruise report, Rothwell 1996).
High-resolution 3.5 kHz seismic profiles collected across the plain during the cruise show a thick,
conspicuous, laterally-extensive acoustically transparent layer (ATL, Figure 4_3). This layer is
estimated to be 15-20 m in thickness and its upper boundary to vary between approximately 5-20 m
below the seafloor (Figure 4_3a & b). The relationship between this acoustically transparent layer
(ATL) and the present day sea floor topography (Figure 4_3c) is complex, but its estimated thickness
and depth below the seafloor suggest that it corresponds to the thick mud megaturbidite identified in
the five long-piston cores.
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NW
a)
15 ms I
TWT I
sw
3138 m
LC29
NE
15 ms I
TWT I
SE
20m
500m
Acoustically Transparent Layer
'Herodotus Basin Megaturbidite'
Figure 4_3. The 'Acoustically Transparent Layer'- believed to be the seismic expression of the
HBM as seen in 3.5 kHz high-resolution seismic profiles a) approaching core station LC24,
b) approaching station LC29 and c) presence between deformation ridges near LC25. Core
site LC29 marks the present day depocentre on the plain. Note the difference in depth of the
ATL at the different sites and how that relates to the observed depth of the HBM in the core
descriptions, Figure 4_2.
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4. Analytical Methods
To determine the sedimentological and physical properties of the HBM, post-cruise study of the
Herodotus Basin cores included standard sedimentological visual description and sampling for grain
size, calcium carbonate content (CaCO3 %), geochemical analysis by Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) and micropalaeontological analysis of foraminifera and
nannofossils for dating purposes. The results for the complete stratigraphy recovered from the
Herodotus Basin is published elsewhere (Reeder et al, 1998).
Grain size analyses of the HBM were made on 59 sediment samples taken from core LC30, with a
sample spacing between 4 and 50 cm. Spacing was greater in the mud unit and closer in the basal
silts and sands. Each sample was wet sieved to separate the sand (>63 ^i) and mud fractions. The
fine fraction (<63 m) was then dried, re-suspended in 0.1 % Calgon solution and analysed using a
Micromeritics 5100 sedigraph.
Calcium carbonate (CaCO3) content was determined by acid treatment of hand-ground sediment
and coulometric detection of CO2. Between 12 and 25 samples were collected for analysis of the
HBM from each of the five cores.
Geochemical analysis of 22 major, minor and trace elements from the Herodotus Basin turbidites
aided correlation of units between cores. The analyses were performed using ICP-AES after digestion
of 0.5 g of sample with a combination of hydrofluoric, perchloric and nitric acids had taken place.
Precision was better than 5% for all elements and standard reference materials and in-house standards
were used to monitor analytical accuracy. The results were first normalised to their A12O3 value, and
then scaled using Grant's (1986) Isocon Diagram method to facilitate correlation (see Reeder et al.,
1998).
X-ray diffraction analysis of four samples from each of the proximal (LC24) and distal (LC30)
HBM measured bulk-mineral and clay-mineral composition from the bioturbated mud top, the
homogeneous mud, the silt and the sand units. Bulk-mineral analysis was achieved by drying 0.5 g of
sample and grinding it to a fine powder. Clay mineral analyses were run following treatment with 10
% acetic acid to remove carbonate material, followed by the addition of 1% Calgon solution to
suspend the fine-sediment fraction. Centrifugal removal of the > 2 m fraction, the addition of 10 %
MgCl2 solution and further centrifugal mechanical settling allowed the separation of the < 2 ^i clay
fraction. The <2 m samples were smeared on glass slides and dried to air temperature, 375 C, 550
C and glycolated at 55 C. All samples were analysed on a Philips PW1730 X-ray diffractometer.
AMS 14C Dating has been used to date the HBM following the method of Thomson & Weaver
(1994), which overcomes the inherent problem of inclusion of older material during the emplacement
process by sampling the pelagic horizons rather than the turbidite directly. Ideally, the method
includes sampling planktonic foraminifera from pelagic horizons directly overlying and underlying
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the megaturbidite thereby bracketing emplacement times. However, even though the base of the
megaturbidite was cored in LC30 there were no underlying pelagic sediments. This may be due to the
megaturbidite eroding into an underlying Nile Cone derived turbidite ('o') removing any dateable
pelagic horizon (LC30, Figures 4_2 and 4_8). Therefore, only minimum emplacement dates could be
obtained for the megaturbidite. These minimum dates will have a greater or lesser standard deviation
depending on the thickness of the pelagic interval. However, time resolution cannot be improved by
simply sampling a thinner portion of the pelagic layer because of bioturbation by benthic fauna.
Larger planktonic foraminifera are expected to be the least susceptible component of the pelagic
interval to be redistributed by currents and thus the most suitable for dating. Sieving of the pelagic
and turbidite mud obtained the >150 ^i size fraction and only the clean planktonic foraminifera and
pteropods were selected.
5. Sediments and sedimentary structures of the HBM
The HBM can be subdivided into four main sedimentary units that are readily distinguished on the
basis of colour, sedimentary structures and grain size. They comprise: i) a basal sand unit, which is
generally structureless and medium yellowish brown in colour (10YR5/2); ii) a silt unit, which is
laminated or cross laminated and light to medium olive grey in colour (5Y5/1 dark laminae, 5YR7/1
pale laminae); iii) a mud unit, the thickest of the four, normally graded from silty mud to clayey mud
and moderate olive grey in colour (5Y4/2); and iv) an uppermost, paler, light olive grey-coloured
bioturbated mud unit (5Y5/2). Colours and descriptions are based on the Munsell colour scheme
(USGS Rock Color Chart Committee, 1991).
The complete HBM was only penetrated at the most distal site (LC30, Figure 4_2) where its
thickness is measured at 11.68 m. At this site, the sand unit accounts for only 0.5 % of the total
thickness, the silt unit 12 %, the mud unit 85 % and the bioturbated mud unit 2.5 %. Based on 3.5
kHz profile data we can estimate the proximal thickness of the HBM at 18-20 m (LC24). Assuming
the larger value, the sand unit has increased to 26 % of the total, at the expense of the silt (5 %) and
the mud units (67 %) (Table 4_3).
5.1 Sedimentary Petrology
Petrographic analysis of smear slides and grain mounts of the bulk sediment and coarse-grained
basal sand unit (>63 urn) respectively shows an approximate composition for the HBM of quartz (30
%), unspecified calcite grains (15 %) and a high proportion of shelf derived bioclastic material (45
%). The bioclastic material includes fragments of gastropods, sponge spicules, bivalves, bryozoans,
pteropods, echinoid spines, and shallow-water benthic and planktonic foraminifera. Minor amounts
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of muscovite mica, translucent white and grey pumice grains, dark ferromagnesian minerals (e.g.
pyroxenes and aniphiboles) and a few cuspate and lunate mafic volcanic glass shards are also present.
Previous studies of the HBM by Lucchi & Camerlenghi, (1993) and Cita et al. (1984a) detailed the
clay mineralogy of the turbidite mud as well as the composition and grain size of the sand fraction.
From these results the authors determined that the HBM was sourced from the carbonate shelf and
upper slope of the NE African Margin to the west of the Nile Delta.
Megaturbidite
divisions
Megaturbidite (total)
Bioturbated mud unit
Mud unit
Silt unit
Sand unit
Thickness in centimetres (percent of total thickness)
LC24
>1626 (est. 20 m)
46 (2.3%)
1337 (66.9%)
94 (4.7%)
>149(26.1%)
LC25
>952
44
734
72
>102
LC27
>1133
53
772
60
>248
LC29
>410
29
>381
X
X
LC30
1168
27 (2.3%)
997 (85.3%)
139(11.9%)
5 (<0.5%)
Table 4_3. Thickness of the sedimentary units of the HBM in cores LC24 to LC30. Unit thickness percentages
of the megaturbidite in core LC24 are calculated as a proportion of 20 m, estimated from 3.5 kHz high-
resolution seismic profiles (Figure 4_3).
5.2 Grain Size Analysis
Mean size: Detailed analysis through the complete HBM in the most distal core (LC30) shows
normal grading from sandy coarse silt to fine silty clay (Figure 4_4a). The lower two units show the
most marked grading from a basal mean grain size of 81 m to around 7 ^i at the top of the silt unit.
There is also a distinct grain size fluctuation of about 20 ^t in the basal units (sampling interval 4
cm), that becomes less evident in the silt unit. The thick mud unit shows an overall gradation from a
mean size of 6-7 m at the base to 2-4 ^i at the top. There is a rather irregular fluctuation within
these limits, both in terms of grain size grade and peak spacing, at least part of which we believe is of
primary hydrodynamic origin rather than due to analytical error. The topmost bioturbated unit is the
finest, with a mean grain size of 2-3 rru
Size distribution: Grain size distribution is illustrated by selected samples from each of the HBM
units (Figure 4_4b). Sample 4, from near the base of the sand unit, is well sorted with a pronounced
mode at 70 m and a slight positive skewness. Sample 3, from the middle of the silt unit, is more
poorly sorted with a primary mode at 16 m (medium silt), three secondary modes within the finer
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tail, and a strong positive skew. Samples 2 and 1, from the mud and bioturbated mud units
respectively, are both polymodal, poorly sorted and very fine grained. Poorly defined modal values
occur at <1 ^n, 1-2 m and 3-4 m.
5.5 Geochemical Analyses
Calcium Carbonate Percentage: The CaCO3 percentage ranges from about 40 % in the fine¬
grained muds of the distal region (LC30) to just less than 65 % in the coarse sand fraction of the
proximal region (LC24) (Figure 45). The maximum value is found in the basal sands of the
turbidite probably reflecting the greater abundance of larger bioclastic grains in the basal sand. Cita
et al. (1984a) measured CaCO3 percentages of just less than 85 % in the basal sands. Towards the
top of the megaturbidite, the mud and bioturbated-mud units commonly have calcium carbonate
percentages of 40-50 % and an almost equal amount of terrigenous material.
X-ray Diffraction: The analysis of eight samples from the HBM shows that the mineralogy of the
unit varies with both transport distance and between the different sedimentary units (Table 44).
Turbidite/Unit/Source
Herodotus Basin Megaturbidite
LC24 bioturbated mud
LC24 mud
LC24 silt
LC24 sand
LC30 bioturbated mud
LC30 mud
LC30 silt
LC30 sand
NILE CONE
'Type-A'
*
LIBYAN/ERYPTTAN STOPF,
'Type-B'
*
ANATOLIAN RTSE
'Type-C
*
Calcite
%
69
74
56
46
64
62
48
40
25
50
53
Quartz
%
13
10
12
37
13
15
37
46
31
23
16
Mica
%
10
8
6
0
8
8
3
3
14
5
8
Dolomite
%
8
8
11
8
7
8
10
7
0
10
9
Halite
%
0
0
8
6
6
8
3
4
12
7
7
Feldspar
%
0
0
0
0
0
0
0
0
14
5
7
Other
%
0
0
8 (rutile)
3 (rutile)
0
0
0
0
4 (gypsum).;^:
0
0
Table 4_4. Bulk XRD mineralogy for the four structural units of the Herodotus Basin Megaturbidite, both
proximally (LC24) and distally (LC30).
* Average bulk mineralogy of turbidites from the three recognised sources (see Chapter 32)
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Calcium Carbonate Percent
(CaCO3 %)
10 20 30 40 50 60
'Type-A'
Nile Cone
'Type-C
Anatolian Rise
'Type-B'
North African Shelf
25
j>
?
A
A
A
'Type-A'
Nile Cone
Figure 4_5. Downcore Calcium Carbonate Percentage in core LC30. Note the relatively
high carbonate percentages in the turbidites derived from the North African shelf and the
Anatolian Rise compared to those from the Nile Cone.
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The bulk mineral analysis shows that quartz accounts for between 10-15 % of the bioturbated and
homogeneous mud units and increases to approximately 45 % in the parallel laminated silts and cross
laminated sands. The clay mineral assemblage is dominated by smectite (69 %), with 17 % illite and
subordinate kaolinite (9 %) and chlorite (5 %). These proportions remain relatively constant
throughout the length of the megaturbidite and can be readily distinguished from turbidites sourced
from other regions (Table 45). The HBM has a mixed clay composition and can not be described
simply as a being a 'Type-A' Nile Cone-derived turbidite nor a 'Type-B' Libyan/Egyptian shelf-
derived turbidite but, rather, as a combination of the two. This may due to the erosion and
incorporation of underlying Nile Cone-derived material by the Libyan/Egyptian shelf-derived HBM
turbidity current.
Turbidite/Unit/Source
HBM
LC24 Bioturbated Mud Unit
LC24 Mud Unit
LC24 Silt Unit
LC24 Sand Unit
LC30 Bioturbated Mud Unit
LC30 Mud Unit
LC30 Silt Unit
LC30 Sand Unit
Average
NILE CONE*
'Type-A'
AFRICAN SHELF/SLOPE*
'Type-B'
ANATOLIAN RISE*
'Type-C
Smectite
%
68
65
70
62
67
70
73
74
69
83
44
61
Illite
%
19
20
16
22
17
15
15
14
17
7
40
25
Kaolinite
%
8
10
9
10
9
9
8
7
9
6
9
8
Chlorite
%
5
5
5
6
7
6
4
5
5
4
7
6
Table 4_5. Clay mineralogy for the four structural units of the Herodotus Basin Megaturbidite, both
proximally (LC24) and distally (LC30). The clay mineralogy of the HBM may be interpreted as
a 'mixture' of the 'Type-A' and 'Type-B' turbidites.
* Average clay mineralogy of turbidites from the 3 recognised sources (see Chapter 3_2).
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ICP-AES geochemical analysis: Each turbidite has a unique geochemical signature (Reeder et al,
1998) and can be correlated across the basin using chemostratigraphy (Pearce & Jarvis, 1995).
Although the colour and petrology of the HBM are clearly different from those of the Nile Cone- and
Anatolian Rise-derived turbidites, geochemical fingerprinting further confirms the correlation of
individual beds between the five basin plain cores (Figure 4_6).
5.4 Sedimentary Structures
Sedimentary structures and thickness of the megaturbidite vary along the length of the basin from
proximal (LC24) to distal (LC30) regions (Table 4_3). Structural divisions are recognised that can be
related to turbidite divisions of the Bouma (Ta-Te, 1962) and Stow (To-T8, 1977) models. In cores
LC24 to LC29, there is an indistinct parallel-lamination and lensing in the part of the lower sand/silt
units penetrated but no other sedimentary structures are present. Lucchi & Camerlenghi, (1993)
described the basal sands and silts as having 'neither parallel or convolute lamination present'.
However, in core LC30 the HBM has recognisable sedimentary structures which may be described in
terms of either the Stow (1977) fine-grained or the Bouma (1962) medium-grained turbidite facies
models (Figs. 4 & 7). The HBM can be subdivided into a number of structural units, based on these
facies models.
Massive basal sand (Bouma T^ or Stow To): In core LC30 a 2 cm thick coarse sand containing
bioclastic material has eroded into the underlying strata. It is difficult to determine whether the sand
is massive or laminated and it is therefore denoted T^. The unit could be considered equivalent to
the Stow structural division To (basal lenticular silt lamina). At this distal location it seems unlikely
that more than a few centimetres of the underlying turbidite has been removed as 10 cm of the
bioturbated mud top of Nile Cone-derived turbidite 'o' is present (Figure 4_7a). However, in the
more proximal regions Lucchi & Camerlenghi (1993) noted that the megaturbidite truncates a 'Type-
B' turbidite (Libyan/Egyptian-derived) on the lower slopes of the Mediterranean Ridge (core 12) but
erodes into a 'Type-A' turbidite (Nile Cone-derived) just 5 km further north (location in Figure 4_8).
We cannot estimate the amount of basal erosion that has taken place in this area.
ConvoluteaVCross-laminated silt (Bouma Tc or Stow T0/i): The thin basal sand passes directly into
a 14 cm thick cross-laminated and convolute sand/silt with laminae picked out by a darker mineral
assemblage (predominantly dark igneous minerals). The cross lamination tends to show a uni¬
directional flow with laminae truncated in only one direction (Figure 4_7), although the unit is quite
convolute and shows some coring disturbance so that we cannot rule out the possibility of flow
reflection and/or pulsing. This 14 cm thick unit equates to an expanded TtJTi Stow division (rippled
and convolute silt laminae).
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Figure 46. Two examples of the chemostrati graphic technique used for correlating the Herodotus
Basin turbidites. a) Excellent correlation seen where samples of the HBM mud fraction are anaysed
from two different cores, LC25 and LC27, approximately 50 km apart, b) poor correlation seen
between a Nile Cone-derived turbidite and the HBM, demonstrating the marked compositional
differences of the two sources.
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Figure 4__7. Core photographs of the Herodotus Basin Megaturbidite from core LC30, showing textural features.
a) Eroded base and repeated cross laminae and parallel laminae divisions, b) Faint parallel laminae and sand
clasts within the silt-sized interval, c) Faint bioturbation and colour differences of the bioturbated top fraction
with oxidation laminae present throughout the length of the section.
Sedimentary structural units after Bouma (1962) and Stow (1977). Curvature of sediments results from coring
technique.
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a) Transect along the length of the Herodotus Basin
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I
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3000---4-
LC27
4
(LC28) LC29
LC30
Occurrence of ATL (HBM)
Fig. 3a Fig. 3c 100 km Fig. 3b
b) Transect across the width of the Herodotus Basin
NW
2800 -i
ft 3000
Q
u
I 3200
Mediterranean Ridge
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16
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57 km
11
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Herodotus Basin Plain
10
Location of transects a) and b)
Figure 4_8. Bathymetric cross sections of the Herodotus Basin, a) along the length of the basin showing the distribution
of the HBM from 3.5 kHz seismic profiles (correceted metres). Note the increased deformation to the NE (Anatolian
Rise). The occurrence of the ATL seen in Fifure 4_3, is marked beneath the bathymetry, b) across the width of the
basin between core sites LC24 and LC25 ('b') showing the increased deformation towards the NW (Mediterranean
Ridge). Section and core locations from Cita et al. (1984a) are shown.
Both sections are at 40:1 vertical exaggeration with b) at a larger scale (see inset).
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Parallel laminated silts (Bouma Td or Stow T2+3): The section passes upward into an 11 cm thick
sub-parallel laminated fine sand/silt. The interpretation of this as representing Stow divisions T2
(irregular, thin lenticular silt laminae) and a thicker T3 (regular parallel silt laminae) would suggest
that it equates to the Bouma division Td, rather than a repetition of Tb.
Convoluted and irregular laminated fine silts (Bouma Tc or Stow Ti+2): The standard sequence
becomes disordered upwards, first with a repetition (7 cm) of the Tc convolute laminated silt seen 11
cm below. The laminae are fairly pervasive throughout the core section resembling a finer-grained
version of the Stow Ti and T2 divisions. The wavy laminae are here considered to be too distinct to
be the wispy silt laminae of Stow division T5.
Finely laminated silts (Bouma Td or Stow T3): There is further repetition of the standard
sedimentary structural divisions with the reappearance of a 13 cm thick millimetric parallel laminated
fine silt. The laminae are both uniform through the section and pervasive across the 10 cm diameter
of the core but are clearly finer-grained than the 11 cm thick Td/T3 structural unit below.
Indistinctly laminated silts (Bouma Td or Stow T4+5): The silt unit is mostly characterised by faint
millimetric-scale parallel laminae, equivalent to Bouma Td or Stow's T4 division. In the distal
location, the fine-grained indistinctly-laminated silts are separated by a number slightly coarser-
grained silt horizons (3-6 cm thick), that show intense convolution and disruption (Figure 4_7).
These horizons display features similar to those of very rapidly deposited turbidite silty muds found in
a proximal levee location (e.g. on the Mississippi Fan, Stow et ah, 1985).
Structureless muds (Bouma Te or Stow T6+7): The mud unit is completely structureless, although
cyclic variation in grain-size together with slight overall upward fining is revealed by detailed grain-
size analysis (see discussion below). This unit shows the sedimentary characteristics of the Bouma
turbidite division Te or Stow divisions T6 and T7 (graded and ungraded turbidite muds respectively).
This structural division is proportionally the thickest unit of the HBM in the cores, although the
presumed maximum thickness of the sand unit could not be determined because of incomplete
penetration of the turbidite in more proximal cores LC24 to LC29.
Bioturbated/Oxidised top (Bouma Te or Stow T8): At the very top of the mud unit is a 27 cm thick
mud interval which is distinctly lighter in colour than the main body of the HMB. The unit is
moderately bioturbated for most of its thickness, with bioturbation increasing up-section (Figure 47).
Recognisable burrows include mainly Chondrites and possibly Planolites and oxidation of the
sediments has left some bands of coloration which are thought to be successive post-depositional
oxidation fronts rather than primary parallel laminae (Thomson et al, 1993). Little or no erosion
caused by successive events is seen at the top of the bioturbated megaturbidite unit as the
pelagic/hemipelagic horizon is present above the HBM. The bioturbated top most probably equates to
Stow structural division T8, although its very thick development in some cores (up to 53 cm) and its
very fine grain size make it similar to the hemiturbidites described from the distal Bengal Fan (Stow
& Wetzel, 1990).
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6. Geometry of the HBM
The HBM is only fully penetrated in the distal core location (LC30), where it has a thickness of
11.68 m (Figure 4_2). Proximally, (LC24-LC27), the megaturbidite is only penetrated to the coarse
sand unit to a maximum total thickness of 16.26 m. The HBM can be traced on the 3.5 kHz profiles
as an acoustically transparent layer along the length of the Herodotus Basin for a distance of
approximately 400 km, although it is expected that the megaturbidite may be present further to the NE
than noted in the cores or the seismic survey. Estimates from the 3.5 kHz high-resolution seismic
profiles show that the HBM is approximately 20 metres thick in the proximal locations and decreases
to around 8 to 10 m thick distally:-
:-. Across the width of the Herodotus Basin (SE-NW) the HBM can be traced over a distance of about
100 km, the thickness varying with the basin floor topography (Figure 4_3c). It is seen to pinchout
onto the Mediterranean Ridge as well as against within-basin topographic highs. Continued
deformation and associated ridge uplift are seen to drag up the basinal sediments, including the HBM,
some 30-40 m above the basin floor.
Just as the total thickness of the HBM is influenced by topography, so the thickness of individual
sedimentary units varies. Cita et al. (1984a) and Lucchi & Camerlenghi, (1993) showed that the
distribution and proportion of the textural intervals of the megaturbidite vary from core to core,
depending on the location of the cores on ridges and troughs. Reduced thicknesses (< 1 cm) of the
megaturbidite are found on the topographic highs but these thin veneers of the HBM comprise almost
100 % sand.
The volume of the HBM can be estimated from the occurrence of the acoustically transparent layer
and the average thickness of the megaturbidite. Previous studies by Cita et al. (1984a) and Lucchi &
Camerlenghi (1993) estimated a conservative volume of 10 km3 from their transect cross the width of
the basin, assuming lateral supply and restricted extent along the basin axis. However Reeder et al.
(1998) and this study have shown the much greater basinwide extent and hence recalculated the
volume of megaturbidite 'n' to be much larger at approximately 400 km3. This figure is based on the
area of the ponded sediment being approximately 40,000 km2 and that the average thickness of the
megaturbidite being approximately 10 m.
7. Dating of emplacement of the HBM
Using the high-resolution nannofossil zonal scheme of Weaver (1983), the pelagic layers above
the megaturbidite were biostratigraphically dated and found to fall within Weaver Zone 1 (dated by
calibration with Pleistocene oxygen isotope stages). Dominance of Emiliania huxleyi in the samples
showed that the emplacement of the HBM was no earlier than 60 ka (Kahler & Dossi, 1996). Reeder
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et al. (1998) estimated the date of deposition at 27.5 ka before present by summing the thicknesses of
pelagic horizons above the HBM and dividing by an estimated pelagic accumulation rate of 2 to 3
cm/ka, reported as a typical rate for the Eastern Mediterranean (E. Rohling, personal communication).
ViJFour radiocarbon dates were obtained by AMS dating of material from pelagic/turbidite horizons
at the top of the HBM in cores LC24, 25, 27 and 29 (Figure 4_2, Table A j>). These dates range
between 20,530 and 21,020 radiocarbon years (average 20,860). The correction of Bard et al. (1993)
was made to account for the relationship between the radiocarbon and calendar timescales. The
relationship is given as 'Calendar Years = 1.24(14C Years)
- 440'. This includes a correction of 400
years to account for the offset 14C age of the atmospheric and oceanic mixed-layer reservoir (Stuiver
1990). The value for the average calendar date of the overlying pelagic layers, and hence the
minimum emplacement date (HBMmin) is 25,425 years before present.
To obtain a maximum and consequent average date for the HBM emplacement a comparison was
made with radiocarbon dates found by Rothwell et al. (1998). Study of a similar-sized megabed from
the Balearic Abyssal Plain in the Western Mediterranean, which was deposited at a similar date, has
shown that the average difference between the dates of the pelagic sediments above and directly
below the megaturbidite is approximately 3,400 calendar years (c.f. Rothwell et al., 1998). This
difference may be due to the erosive process of the megaturbidite emplacement, consequently
increasing the dates obtained for the underlying pelagic intervals. Applying the same differential to
the HBM yields maximum and average calendar dates of HBMmax 28,825 and HBMave 27,125 years
BP, respectively.
8. Discussion
8.1 Source and volume
Previous work by Lucchi & Camerlenghi (1993) and Cita et al. (1984a) indicate that the most likely
source of the Herodotus Basin Megaturbidite is the Libyan/Egyptian continental shelf to the west of
the Nile Cone, due to its clear compositional affinity to turbidites sourced from this region. Their clay
mineralogy varies considerably to the results presented in this paper. The HBM has a mixed
composition, which does not have an affinity with any of the three sources. The terrigenous part of
the bulk mineralogy may be from erosion of underlying Nile Cone turbidites and the clay mineralogy
from the supply of terrigenous-derived clays from the Hellenic Arc islands, transported by the anti-
cyclonic Eastern Mediterranean gyre (Cita et al, 1984a).
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Cita et al. (1984a) calculated a volume of only 10 km3 for the HBM and suggested that the
sediment pathways were two or more small canyons leading from the shelf to the slope. This study,
using the revised volume of 400 km3, suggests removal of a larger amount of sediment, which
possibly resulted in a slide and maybe a slide scar. The Gulf of Salüm, in the extreme south-western
end of the Herodotus Basin, may be a possible source where a large semi-circular 'funnel-shaped'
embayment is seen in the present day bathymetry (Figure 4_9). Volumetric calculations of the
turbidite and the possible amount of material removed to form the Gulf of Salüm, using the
bathymetry of the GEBCO Digital Atlas (1994), correlate moderately well. The amount of sediment
estimated to have been removed is approximately 300 km3. The additional estimated 100 km3 may
have come from the synchronous collapse on the smaller canyons as suggested by Cita et al. (1984a)
and/or from erosion at the base and margins of the giant turbidity current.
Collapse of the shelf and upper slope in the faulted Gulf of Salüm region might be expected to
have created a slide scar if the downslope movement evolved from a slide to a debris flow and finally
a turbidity current. However, the bathymetry shows no evidence of a slide scar, which may suggest
either that there have been more recent collapses masking the earlier scarp, or that the slide was on a
planar, low-angle detachment, such as weak strata in the sedimentary sequence. Both of these factors
are possible as other Libyan/Egyptian continental margin-derived turbidites are present in the
Herodotus Basin (turbidites h, i & j, Figure 42) and there are weak strata, such as the Messinian
evaporites (~6 Ma), in the sedimentological record. The Messinian evaporites are reported as having
been precipitated along the Libyan/Egyptian continental margin in high-salinity nearshore lagoons or
semi-enclosed gulfs (Sindelar & Jadricek, 1980) and to lie approximately 500-600 m below the
sediment/water interface beneath the upper slope. The presence of the Miocene gypsum in the
Eastern Mediterranean has been well documented as acting as a weak plastic stratum in the
deformation of the Mediterranean Ridge (Smith 1976; Stride et al, 1977; Kempler et al., 1996;
Chaumillon & Mascle, 1997) and the western Nile Cone (Kenyon et al, 1975; Ross et al, 1978; Mart
1993). Movement on a glide plain of Messinian evaporites is therefore believed to have been
important in emplacement of the HBM.
8.2 Trigger mechanism
Several mechanisms are known to act singly or together in the triggering of large volume slides,
which can then evolve into very large turbidity currents (see summary in the Introduction). It is very
difficult to determine which of these mechanisms was most important for any particular
megaturbidite. We simply point out here some of the factors that seem most likely to have
contributed to emplacement of the HBM some 27,000 years ago.
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Figure 4_9. Two views of the Gulf of Salum, the postulated source area for the HBM. west of the Nile
Delta (see Figure 4_1 for location). Both show the SW margin of the Herodotus Basin (thicker contour
line or dark ^shaded) and arrows delineating the major and minor canyons. Bathymetry form the
GEBCO Digital Atlas (1997) with 100 m depth intervals.
a) Contoured plan view of the region showing shaded bathymetry with illumination from the WNW.
Transects A-A' and B-B' are shown in Figure 4_1 lb,
b) 3-D view of the NE African margin showing the 'funnel-shaped' Gulf of Salum embayment.
Approximate volume of embayment and associated canyon is 300 km". Smaller canyons on the
Egyptian continental slope to the east of the Gulf are also visible and are suggested by Cita et al.
(1984a) to be the main collapse and source region.
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a) Low sea level: The date of the last glacial maximum (LGM) occurred at approximately 22 ka
before present (CLIMAP 1976). The 27.1 ka date obtained for the emplacement of the HBM
corresponds to the lowering of sea-level prior to the LGM, (Figure 4_10) and represents one of the
first megaturbidites to be dated absolutely and correlated to a sea level regression. During this time
eustatic sea-level lowered at a rate of between 4 and 8 m/ka reaching a low stand at approximately 75
to 100 m below present day level (c.f. Shackleton 1987), thus exposing a large part of the North
African shelf. This in turn would have decreased the pore pressure in the sediments by approximately
760 kbars (using Pressure
= hpg, where 'A' is the height of the water column removed [75 m], '/' is
the density ofthat water [1030 kg/m3] and 'g' is the acceleration due to gravity [9.81 m/s]), thereby
removing water load acting on the weak stratigraphic layer (evaporites) as well as lowering cohesion
of shelf edge sediments. |
b) Oversteepening of the shelf/slope: The present day NE African shelf and slope lie on a WNW-
ESE trending extensional fault system that is down-faulted to the north. The development of these
faults can be related to the Miocene opening of the Red Sea and the gradual subsidence and
deformation of the Eastern Mediterranean associated with the initial stages of Eurasian plate
subduction by the African plate (Ross et al, 1978; Sestini 1984). The fault network extends from the
Al Jabal Al Akhdar uplift of northern Cyrenaica in the west to the Dead Sea Transform fault along the
coasts of the Lebanon and Syria in the east (Röhlich 1980). Offsets of these faults are visible in the
coastline of the continental margin and are thought to be related to some dextral strike slip movement
between these predominantly normal faults (Sestini 1984). Middle to Late Miocene faulting led to a
relatively steep continental slope with a narrow (15-50 km) shelf (Figures 4_1, 4_9 and 4_11). The
initial faulting led to uplift of the Al Jabal Al Akhdar region (Cyrenaica uplift, Goudarzi 1980) with
simultaneous subsidence of the Herodotus Basin and Herodotus Trough. The increased rate of
convergence of the African and Eurasian tectonic plates in the Plio- Pleistocene led to further
downfaulting of the continental margin and deepening of the Herodotus Basin and Trough (Sestini
1984), such that the slope angle is now approximately 6.
c) Seismic activity: The historical record of earthquake activity in the SE Mediterranean shows that
activity is located in five main regions (Papazachos 1973; Kebeasy 1980; 1990). These are 1) the
major tectonic plate intersections (Eurasian, African, Arabian and Aegean microplate), 2) along the
Mediterranean Ridge accretionary prism, 3) within the sediments of the Nile Delta and Nile Fan, 4)
on the continental margin, related to the belt of Neogene down-faulting and 5) the Red Sea rift. The
larger magnitude shocks (between 6.5 and 8 RS) are commonly located on the Mediterranean Ridge
and Nile Cone and Delta, (Papazachos 1973; Kebeasy 1980), but the largest earthquakes are
associated with the Anatolian and Aegean microplate boundary earthquakes to the North and from the
Red Sea rift to the east of the study region. Earthquakes located along the NE African continental
margin occur at a high frequency, with one shock of M>6.5 RS approximately every 10 years
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and lesser magnitude quakes approximately every 2 years (Papazachos 1973). Clearly, this high
frequency of seismic activity has the potential to destabilise the sediment and trigger a major slide
event in the Gulf of Salum.
d) Sediment Oversupply: The HBM has a mixed composition that requires a supply of both
carbonate and terrigenous material in approximately equal proportions. The terrigenous material is
thought by Cita et al. (1984a) to have been supplied preferentially by the anti-clockwise Eastern
Mediterranean Gyre transporting material from a northern source. However, we note the signature of
Nile-derived material in the HBM that suggests either alongshelf supply or, more likely, significant
erosion of previously emplaced Nile Cone material by the HBM. The Gulf of Salüm would certainly
be a possible location for rapid biogenic accumulation with its broad shallow shelf and the possible
supply of nutrients from the Mediterranean Gyre. The measured 500-600 m of sediment above the
Messinian evaporites would suggest an overall accumulation rate of approximately 8 cm/ka, over the
past 6 Ma. Tectonic downfaulting of the upper slope in the Gulf of Salüm region may have given the
extra accommodation space required for increased accumulation of carbonate material, creating an
unstable sediment body.
e) Other factors: As a result of the loss of hydrostatic pressure any buried gas hydrates or
clathrates may have degassed and decreased the pore pressure further. Large areas of accumulated
clathrates in the Eastern Mediterranean were proposed by Kvenvolden et al. (1993) and Miles (1995)
on theoretical grounds, although little direct evidence exists as yet. Destabilisation of the margin by
impact of a tsunami wave is considered less likely due to the very large volume of material that was
redeposited and large area affected during the collapse.
Evolution of the continental shelf and upper slope off NE Africa, leading to the emplacement of
the HBM is summarised in Figure 4_11. Unfortunately, no data exist from the more proximal slope
regions that might allow us to confirm the presence or passage of a major slide-debris flow event.
8.3 Megaturbidite concept
There have been relatively few detailed studies of megabeds or megaturbidites reported in the
literature to date. Review of some of the best documented examples reveals some important
differences between those described from ancient successions and those from modern basin plains
(Table 47). Most of the ancient examples are very thick bedded (average 40 m) but relatively
restricted areally (average 435 km2). We propose that these are better termed composite megabeds as
they typically include thick, chaotic slide and debrite portions as well as graded turbidite tops. They
probably represent the more proximal deposits resulting from large-scale margin collapse that
typically occur over a restricted area in a channel, slope or base-of-slope setting.
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Figure 4_11. Summary of HBM Emplacement
Schematic models for the emplacemnt of the HBM showing the influencing
physiographic features during the late Quaternary. Bottom left shows a
comparison between the upper and lower slopes of the Gulf of Salum
embayment and the 'normal' continental margin. The approximate 3
difference between the upper slopes in the two examples may be due to the
removal of material from the embayment as part of the 27.1 ka HBM event.
Locations of sections are shown in Figure 4_9a.
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Vertical Exaggeration -20:1
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The modern examples are generally less thick bedded (average 7 m) but far more areally extensive
(average 51,000 km2), and hence also have very large total volumes. These are, perhaps, the more
distal equivalents of composite megabeds in which only the turbidite portion remains to be spread out
over even very large basin plains. We propose these as the megaturbidites sensu stricto.
Although it is important to distinguish megabeds from megaturbidites, particularly with regard to
their different depositional processes, likely settings and lateral extent, we suggest there are
insufficient data at this stage to allow any more rigorous definition by thickness, volume or other
criteria (see also Bouma 1987). The early definitions proposed by Ricci Lucchi & Valmori, (1980) of
> 1 m thick or Mutti et al. (1984) of > 1 km3, are both rather small in light of recent work on modern
examples. Furthermore, an important criterion for any megaturbidite should be its very large lateral
extent.
9. Conclusions
The Herodotus Basin Megaturbidite represents the single major event in the sedimentary record of
the Herodotus Basin during the past 30,000
- 40,000 years. It is a truly basinwide deposit with a
maximum thickness of 18.6 metres in the cores (at least 20 m from seismic evidence), a lateral extent
of 400 x 100 km (40,000 km2) and a volume of approximately 400 km3 of mixed
carbonate/terrigenous material. The most likely source of the original slide is the present funnel-
shaped marginal embayment known as the Gulf of Salüm on the Libyan/Egyptian continental
shelf/slope. Volumetric estimates of the amount of material removed to form this embayment
correlate relatively well with those of the HBM, but suggest that additional material was supplied
from another source.
The HBM shows a number of properties and processes that have not been described previously for
megaturbidites anywhere. These distinctive characteristics, together with its basinwide extent, make
the HBM an excellent marker bed in any stratigraphic reconstruction of the basin.
a) Whereas the composition of associated thin turbidites derived from the Libyan/Egyptian shelf
('Type-B') show a predominant carbonate source, those from the Nile Cone ('Type-A') are
terrigenous in composition. The HBM has a composition somewhere between the two sources with a
more terrigenous signature in the more distal regions. This is most likely due to erosion of the
underlying Nile Cone-derived turbidites as the HBM turbidity current proceeded north-easterly along
the basin plain. Indeed, Cita et al. (1984a) noted clear erosion at the base of the HBM from their
study. Our volume estimates indicate that this erosion may have been up to 100 km3 of material in
total.
b) The HBM is seen to interact with the seafloor topography of the Herodotus Basin, both from
seismic expression of the acoustically transparent layer and evidence from core data. The ATL is
seen to onlap onto the small deformation ridges that parallel the Mediterranean Ridge (Figure 4_3c)
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throughout the length of the basin and both grain size and sedimentary structures in core sections
(Figure 4 7c) show probable fluctuations in velocity of the flow, that might have resulted from
topographic influence.
c) Sedimentary structures in the proximal part of the HBM are somewhat indistinct, commensurate
with very rapid deposition. Distally, the structures are perhaps best described according to the Stow
(1977) model for fine-grained turbidites (Stow & Piper, 1984), although each of the divisions is
considerably expanded and evidence of repetition is common.
Several factors are believed to have conspired to cause the catastrophic collapse that led to
emplacement of the HBM 27.1 ka before present. These include lowered sealevel and attendant
sediment destabilisation, the presence of a weak horizon within the sediment pile to act as a glide
plane, tectonic oversteepening of the upper slope and a probable seismic trigger. More detailed work
is required to better characterise both modern and ancient megaturbidites before a strict definition can
be agreed. We suggest here, however, that a distinction be made between composite (often tripartite)
megabeds that are extremely thick but laterally restricted, and megaturbidites that are both very thick
and laterally very extensive.
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- The Central Mediterranean
5.0 Introduction to the Central Mediterranean
Chapter 5 presents a brief overview of the second of the two study areas of this dissertation. It
details the direct and indirect effects of the physiography and sedimentary processes on the study area
and endeavours to introduce the main geologically recent processes that have occurred during the
period of sedimentation seen in the four Central Mediterranean cores (the Pleistocene and Holocene
epochs). The chapter also comprises a summary of previously published papers describing the
sedimentology of the Sicilian-Tunisian Platform region. The morphological features and geographic
locations described below may be located on the fold-out sheet in Appendix D, with additional figures
located within the text. The locations of the four long-piston cores that have been studied in detail
(see Chapter 6) are also shown in Appendix D and Figure 5_1.
5.0.1 Geographic Setting
Between longitudes 10 and 16E, the Mediterranean Sea shallows to a broad, silled platform
known as the Strait of Sicily or the Sicilian-Tunisian Platform. This study will use the latter term as
the 'Strait of Sicily,' 'Sicily Strait' and 'Sicily Channel' conventionally describe the narrowest point
of the channel between Sicily and Tunisia (Appendix D). The roughly rectangular-shaped, shallow-
water platform covers an area of approximately 250,000 km2 and plays an important role in the
sedimentation and oceanography of the Central Mediterranean region (Stanley et al., 1975;
Maldonado & Stanley, 1976; see Chapter 6).
The platform has the landmasses of Sicily bordering to the north and Tunisia to the south, with a
minimum separation distance of just 70 km (Marsala, Sicily to Cap Bon, Tunisia) and a maximum
separation of over 440 km between SE Sicily and the Gulf of Sirte on the North African margin. The
western extremity of the Sicilian-Tunisian Platform is delineated by the Sardinia Channel (latitude
10E, longitude 38lSr) and the Sicily Sill, marking an increase in the angle of slope down towards the
Balearic Abyssal Plain and the islands of Sardinia and Corsica of the Western Mediterranean. The
eastern margin is denoted by the Malta Sill and the steep, approximately north-south-trending Medina
and Sicily-Malta Escarpments (approximately longitude 16E) which lead to the Ionian Abyssal Plain
(Chapter 2) and Sirte Rise of the Eastern Mediterranean Basin respectively. Approximately 50 % of
the Sicilian-Tunisian Platform has a water depth shallower than 200 m, but the region has been
deformed into a series of deep (>1000 m) and narrow (<35 km) grabens. These grabens form the en-
echelon Pantelleria, Malta and Linosa Troughs, from which two cores (LC8 and LC9) have been
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Bathymetry and Physiography of the Sicilian-Tunisian Platform
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Figure 5_1. The bathymetry and physiography of the Sicilian-Tunisian Platform.
Map shows the course of the Marion Dufresne 81 expedition (red line), long-piston
core sites (red crosses) and locations of physiographic features cited in the text.
Boxed green figures relate to the location of two gaps in the Sicily Sill and one in the
Malta Sill, through which the westwards flowing Levantine Intermediate Water is
channelled (see Chapter 6).
PAGE 5-2 Figure 5_1CHAPTER 5- THE CENTRAL MEDITERRANEAN
collected (see Appendix D). The other two cores are from the western (LC7) and eastern (LCIO)
parts of the Sicilian-Tunisian Platform.
Several islands are emergent in the central part of the Sicilian-Tunisian Platform. These include
the small carbonate islands of Malta, Lampedusa and Lampione, and the volcanic islands of
Pantelleria and Linosa within the Sicilian-Tunisian Platform.
5.1 Geology of the Offshore Region
The markedly irregular and varied bathymetry of the Central Mediterranean (Sicilian-Tunisian
Platform) contrasts with the smoother sea-floor of the Western Mediterranean Basin and the
undulating swell of the Eastern Mediterranean Basin (Chapter 2). The tectonic deformation allows
the region to be divided conveniently into a number of provinces, determined predominantly by their
water depth but also by their tectonic setting (Figure 5_2 and Appendix D). This section describes the
physiography of the deepest troughs, the intermediate continental rises and the broad, shallow
continental platforms.
5.1.1 Basin Plains, Troughs and Trenches
Three deep en-echelon troughs, trending in a NW-SE orientation, have been created by tectonic
activity in the region (see Chapter 5.4) and incise the centre of the Sicilian-Tunisian Platform. The
Pantelleria, Malta and Linosa Troughs have steep fault-bounded margins and show the following
characteristics.
i) The Pantelleria Trough
This is the most north-westerly of the three grabens and is approximately 80 km in length and 30
km in width. The island of Pantelleria is to the NW of the trough, and is bounded by high, irregular
slopes of 5-30 on the NE flank and 6-11 on the SW flank (Colantoni et al., 1993). The Pantelleria
Trough reaches over 1300 m in depth (1308 m in this study) with the trough floor being relatively flat
(Figure 5_2) and the south-eastern end closed by the Bannock Seamount.
ii) The Malta Trough
This trough, to the NW of the carbonate horst of the islands of Malta, Gozo and Comino, forms a
narrower (18 km) but longer (150 km) depression than the Pantelleria Trough. The trough reaches a
depth over 1700 m (1721 m at core site LC9 on the Marion Dufresne cruise). The trough has similar
characteristics to those of the Pantelleria and Linosa Troughs in that it has steep-sided, fault-bounded
flanks and an associated island as a result of the tectonic framework of the Sicilian-Tunisian Platform.
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Figure 5_2. Seismic images of the three main physiographic regions of the Sicilian-Tunisian Platform.
a) The shallow environment- characterised on the Adventure Bank (Sicilian margin) by terrigenous sediments and on the Tunisian margin by platform carbonates (section after Maldonado & Stanley, 1976).
The physiographic region forms approximately 47% of the Sicilian-Tunisian Platform area.
b) The heavily-faulted horst and graben topography of the neritic-bathyal intermediate environment, forming approximately half of the regional physiographic area (after Maldonado & Stanley, 1976).
c) Sub-parallel reflectors characterising the sub-surface of flat, deep troughs (3% of area), the fill of which is dominated by sediments from the local island and pelagic settling (from the MD81 cruise).
d) The relationship between the three physiographic regions (after Calanchi et al, 1989).
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The sedimentary fill is seen seismically to consist of many sub-parallel reflectors below a virtually
flat trough floor (Figure 5_2)
Hi) The Linosa Trough
This trough was not sampled during the Marion Dufresne 81 cruise but forms the most southerly
of the three main depressions, and is located NE of the volcanic island of Linosa. Its geometry is
measured at 75 km in length, oriented in a NW-SE axis, a width of approximately 15 km and a depth
exceeding 1600 m (Stanley et al., 1975; Maldonado & Stanley, 1976; Jongsma et al, 1985).
iv) Other deep basins
The Sicilian-Tunisian Platform has many small depositional basins. Of particular note are the
'trough-like' deeps of a) the Egadi Valley in the NW of the region (Cello, 1987) forming the deepest
incision of the narrow 'Strait of Sicily (senso stricto),' b) the Marettimo depression between the
Marettimo Islands on the western margin of Sicily (Stanley et al., 1975; Maldonado & Stanley, 1976)
and, c) the Malta-Medina Channel, which is interpreted as a south-easterly extension of the Linosa
graben and forms a broader and shallower trough (Appendix D).
5.1.2 Intermediate Platform Bathymetry
The Sicilian-Tunisian Platform has a characteristic bathymetric region between the depths of 200
m (lower limit of the shallow banks) and approximately 600 m (upper limit of deep basin). Stanley et
al. (1975) termed this range the 'neritic-bathyal' platform and described it as a province that shows a
remarkable vertical structural displacement, deforming the area into a series of horsts and grabens
(Figure 52). The region forms approximately 50 % of the Sicilian-Tunisian Platform (Stanley et al.,
1975; Maldonado & Stanley, 1976). One of the largest areal features of the intermediate bathymetry
is the Gela Foredeep, forming a 500 m deep basin south of Sicily. The basin delineates the extent of
the thrust zone (Gela Nappe) formed during the collision between the African and Eurasian plates in
the early Tertiary (Catalano et al., 1993, see Section 5.3). Sedimentary fill of the deformed Gela
Foredeep is Plio-Pleistocene in age and is characterised by the seismic profile shown in Figure 5_2.
5.1.3 Shallow Environments
The shallow shelves, banks, platforms and terraces are marked by a broad, essentially flat
bathymetry that is seen on both the Tunisian and Sicilian margins (Figure 5_2). The province covers
just less than 50 % of the total area of the Sicilian-Tunisian Platform (-50 % intermediate region, 3%
deep troughs) and the bathymetry is generally shallower than 200 m. Amongst the most prominent
features are the Adventure and Nameless Bank of the SW flank of Sicily, the Hyblean-Malta Plateau
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at its SE flank and the extensive Tunisian Platform adjacent to the African continental margin. In
some cases the banks are a matter of a few metres below the present sea level and are strongly
affected by tidal and other shallow currents (Moretti et ah, 1989; 1993; Manzella et ah, 1990; Marani
etal, 1993; Manzella, 1994; Astraldi etal, 1996).
There are shelf breaks reported at 80 m and 190 m on the Sicilian margin and 90 and 130 m on the
Tunisian margin, respectively, with broad, flat extensive shelf-like areas below the breaks to a depth
of approximately 240 m (Carter et al, 1972).
5.1.4 Continental Rises and Escarpments
The Sicilian-Tunisian Platform is bounded to the west by the Sicily Sill, which is cut by the Sicily
Channel. Farther to the west is the rise leading from the Balearic Abyssal Plain and the islands of
Sardinia and Corsica of the Western Mediterranean. The Sardinia Rise is cross cut by many N-S to
NE-SW trending canyons and channels (including the prominent Sardinia and Skerki channels)
leading from the Tunisian continental margin. Core site LC7, at a water depth of 488 m, is located
near the narrowest portion of the Sicilian-Tunisian Platform, where the continental rise from the
Balearic Abyssal Plain meets the shallow platform.
The eastern boundary of the Sicilian-Tunisian Platform is marked by the steep (approximately
7.5) Malta and Medina Escarpments, which lead directly to the Ionian Abyssal Plain (Chapter 2) in
the northern region and the Sirte Continental Rise in the south (Figure 5_3). The two regions are
separated by the east-west trending Malta Ridge from which a long-piston core has been collected
(LCIO, Appendix D). The escarpments are marked by a series of extensional faults, with the down-
thrown side to the east.
5.2 Onshore Geology
The entrapment of terrigenous sediment on the broad shelf and within the deformed neritic-bathyal
environment (see Section 5.1.2) is believed to have reduced the amount of material reaching the sills
and deep troughs of the Sicilian-Tunisian Platform. Hence, terrigenous sediment supply from the
Sicily and the Tunisian mainland are not considered to be a major influence on the late Quaternary
evolution of the region. Other processes, however, are considered important to this study and are
introduced briefly here and elaborated upon in Chapter 6.
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Figure 5_3. The eastern boundary of the Sicilian-Tunisian Platform, marked
by the steep, normal-faulted Malta Escarpment (from Jongsma et al., 1985).
'M' denotes the base of the post-Messinian sediments, noted to be sparse
slump units on the slope itself but present as more abundant mass-wasting
events on the Ionian Abyssal Plain (see Chapter 2).
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5.2.1 Sicily
The island is the largest of the Mediterranean Sea and is best known geologically for volcanic
activity associated with Mount Etna. The island is located on the main suture of the African and
Eurasian tectonic plates and therefore has a complex geological history, involving volcanic,
metamorphic and sedimentologic processes. A thick succession of Numidian Flysch elastics,
followed by foredeep and piggyback basin sediments, generally overlie the foundered Mesozoic-
Paleogene carbonate bank-basin province that formerly lay across the region. Appendix D shows that
the northern and central regions are dominated by this complex thrust systems, whilst the east
comprises the volcanic centre of Mount Etna. Western and south-eastern mainland areas represent the
moderately- to weekly-deformed foredeep and piggy-back basin sediments of Tertiary to Pleistocene
age. Sicily forms the nearest landmass to most of the Central Mediterranean MD81 cores. However,
in comparison with the Eastern Mediterranean it does not have major drainage systems transporting
material in to the Mediterranean Basin such as the Nile River. Nevertheless, there has been extensive
sedimentation in the Adventure and Gela Foredeeps to the SE of Sicily during the Tortonian to
Messinian and Plio-Quaternary, respectively (Argnani, 1993). These regions have accumulated upto
3000 m of 'undeformed' clastic sediments on the shallow Adventure Bank and fine-grained elastics
on the Hyblean-Malta plateau, creating some interest from the petroleum industry. The entrapment of
sediments on the foredeeps and in the faulted 'intermediate platform' (Section 5.1.2) may have
prevented material from the Sicilian margin reaching the depths of the Pantelleria and Malta Troughs.
5.2.2 Tunisia
The geology of Tunisia is fairly similar to the onshore geology presented for Libya and Egypt
(Chapter 2_2). However, there is stark difference in the absence of fluvial systems to supply clastic
material to the southern margin of the Mediterranean. Between the Gulf of Tunis and the Nile River,
Cretaceous age sediments dominate the surface exposure. During the Lower Cretaceous,
sedimentation in the Tunisian region was dominated by deeper water shales and sands, with
limestones, chalks and marls deposited in the Upper Cretaceous (Burrolet et al., 1978; Salij, 1978).
The Tertiary sequence of shales and thick sandstones (Fortuna Sandstone Formation of the Cap Bon
headland) related to increased tectonic activity during the Eo-Oligocene (Burrolet et al., 1978). The
northern Tunisian Peninsula consists of Numidian flysch sandstones over 4000 m thick, overlain by
consecutive tectonic units. The flysch sands are thought to be derived either from a NW source
related to the Maghrebian thrust or derived from the Fortuna Sandstone Formation (Salij, 1978).
Subduction in the Miocene led to deeper marine sediments (shales, marls and limestones).
Rejuvenation of tectonic activity in the Pleistocene formed the uplift of the Kerkennah Islands and the
initiation of aeolian deposits and raised beaches along the present-day coastline.
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5.2.3 Pantelleria Island
The island of Pantelleria is located in the Medina Wrench Zone (Section 5.3.1), which forms the
axial zone of the Sicilian-Tunisian Platform (Civetti et al, 1984). The island is volcanic in origin
with a distinctive per-alkaline geochemistry, and a frequent eruption history (see Chapter 5.3). The
island is approximately 15 km in length (NW-SE) by 7 km wide and has had a major effect on the
recent sedimentology of the Pantelleria Trough (core LC8, Chapter 6). A summary geology of the
island is presented in Figure 5_4 and its volcanic activity is detailed in Section 5.3.
5.2.4 The Maltese Islands
The Maltese Islands (Malta, Gozo, Comino and other islets) are located on the northern flank of
the Malta Trough and are formed predominantly of coralline and Globigerina limestones, greensand
and semi-consolidated marls (Figure 5_4). The islands are oriented in a NW-SE trend and measure
35 km x 15 km (Malta), 15 km x 10 km (Gozo) and 4 km x 3km (Comino). They show a strong
WSW-ENE trend of faults across the islands, with a calculated extension of 15 %, believed to have
initiated during the early Miocene (House et al, 1961; Pedley et al, 1976; 1978; lilies, 1981).
5.2.5 The Pelagian Islands
The Pelagian Islands lie to the south of the central rift zone between the eastern Tunisian coast and
Southern Sicily. There are three islands; 1) Linosa, the most northerly island and adjacent to the
Linosa Trough, 2) Lampedusa, on the northern edge of the Tunisian Platform and 3) Lampione, an
islet 15 km to the west of Lampedusa. The islands are composed of alkali-basaltic volcanics, a Late
Miocene carbonate platform sequence and an Eocene carbonate platform, respectively (Grasso et al,
1985; Burollet et al, 1978; Di Paolo, 1973). Summary geological maps are shown in Figure 5_4.
5.2.6 Other Islands
There are three other groups of islands in the Sicilian-Tunisian Platform, 1) the Kerkennah Islands,
to the east of Tunisia, 2) the Marettimo chain, to the west of Sicily and 3) Egadi Island, north-west of
the Tunisian Peninsular. However, these regions are considered unlikely to have had a major effect
on the sedimentology and physiography of the late Pleistocene evolution around the core site
locations (Figure 5_2 and Appendix D) and are not discussed further.
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Figure 5_4. Geological structure and evolution of islands on the Sicilian-Tunisian Platform, Central Mediterranean.
The geology of the islands influences the sedimentation both in the local depositional depocentres and, if the island has
volcanic activity, throughout the Central Mediterranean.
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5.3 Tectonic Framework, Seismicity and Volcanism
"rThe Central Mediterranean region has a complex tectonic framework, with contrasting
interpretations proposed by different authors. Clearly, there has been significant deformation of the
Sicilian-Tunisian Platform, associated with seismic and volcanic activity, and this has had a major
effect on the sedimentology of the four long-piston cores collected from the region.
5.3.1 Tectonic Framework
Tectonic evolution of the region can be considered to have acted in a number of sequential steps
leading to the structural framework seen today (Appendix D). The summary below is a combination
of the current thoughts on the processes from many authors (lilies, 1981; Winnock, 1981; Finetti,
1984; Cello*et al, 1985; Jongsma et al, 1985; Boccaletti et al, 1987; Cello, 1987). The most
significant result of these complex tectonic movements, as for the study area is concerned, was the
creation of deep, transtensional grabens and associated transpressional horsts within the Sicilian-
Tunisian Platform, and the two bounding sills/escarpments of the eastern and western platform
margins.
:fiaBuring the early Tertiary the northern edge of the African Foreland collided with the southern
edge of the Eurasian plate. This resulted in partial subduction of the African Foreland beneath the
Eurasian plate and southwards thrusting of the Maghrebian Arc across central Sicily from Oligocene
times. As the collision continued, the Ionian Abyssal Plain to the east was subducted beneath the
Calabrian Foreland forming the steep Malta and Medina Escarpments with a total vertical
displacement of between 2 to 3 km to the east. Major NW-SE trending faults were created during this
time across the Sicilian-Tunisian Platform together with a conjugate series of secondary faults
oriented approximately WSW-ENE. Resistance to subduction by the continental crust of the
Hyblean-Malta Plateau led to the small NW-SE faulted blocks being rotated anti-clockwise by 15,
giving a wide variety of fault fabrics and structural styles across the Sicily-Tunisian Platform
(Appendix D). The rotation created a shear-zone, named the Medina Wrench Zone (MWZ) or
alternatively the Strait of Sicily Rift Zone (SSRZ) with an overall dextral movement. The zone
extends an observable distance of 800 km from the NW extremities of the Sicily Strait to the eastern
end of the Medina Ridge (Jongsma et al, 1987; Cello, 1987), and is characterised by the deep en-
echelon troughs. The Messina micro-plate has been formed from African continental crust and has
the subduction zone of the Calabrian Arc to the North and the dextral strike-slip Medina Wrench
Zone to the south (Jongsma et al., 1985).
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The above tectonic history is the most widely accepted of the theories suggested for the structures
of the present day Sicilian-Tunisian Platform. However, there is still wide discordance between
authors on the exact mechanisms that created the rift zone.
5.3.2 Seismicity
There have been a number of publications concerning the recent earthquake activity in the Central
Mediterranean region, mainly as a method for resolving the tectonic complexities. The distribution of
earthquakes is shown in Appendix D, demonstrating that during the period of 1961 to 1981 deep
earthquakes (20-50 km) were only seen on the northern margin of Sicily and across to Calabria
(Jongsma et al, 1985). In comparison with the Eastern Mediterranean seismicity (Chapter 2.3) the
Sicilian-Tunisian Platform is experiencing a period of quiescence. The larger earthquakes correlate
with the subduction zone of the African plate beneath the Eurasian plate and are located along the
Maghrebian Arc (Appendix D).
Within the Sicilian-Tunisian Platform only nine earthquakes were recorded during the 20 year
study of Jongsma et al. (1985), with magnitudes ranging from 3.8 to 5.1 RS. They were interpreted as
indicating a low present rate of deformation that is located in the brittle upper part of the crust (<20
km). The low frequency and low magnitude of seismicity in the region may have very important
repercussions on the style of sedimentation in the deep troughs of the Sicilian-Tunisian Platform.
5.3.3 Volcanism and Geothermal Activity
There are five main centres of volcanism in the Central Mediterranean region that may affect
sediment accumulation in the four long-piston cores analysed for this thesis. The activity is believed
to be related to the thinning of continental crust as a result of the Medina Wrench Zone extension and
to subduction of the African plate beneath the Eurasian plate (Di Paolo, 1973; Grandjacquet &
Mascle, 1978; Boccaletti et al, 1984; Jongsma et al, 1985; Calanchi et al, 1989; Argnani, 1993;
Colantoni et al, 1993, amongst others). The five centres are: i) the major volcano of Mount Etna on
the eastern margin of Sicily, ii) the island of Pantelleria, Hi) the island of Linosa, iv) the Eolian islands
to the north of Sicily, and v) localised submarine activity. The location of volcanic centres,
geochronology of eruptions and preservation of tephra layers in sedimentary cores are presented in
Appendix D. The tephra layers may be used as dateable and correlatable horizons, provided that
subsequent downslope events have not removed the fine crystalline material (Keller et al, 1978). The
chronostratigraphy of these units is better developed in the Central Mediterranean than in the Eastern
Basin due to the larger number of events and the proximity to the volcanic centres.
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i) Mount Etna- The Sicilian Mount Etna is one of the largest volcanoes in the world and the
highest in Europe (over 3500 m, Bullard, 1976). Its recorded eruptions date back to 396 B.C.,
with other notable events in 1169, 1329, 1539, 1669, 1928, 1951 and 1971. The volcano is
Alkali-Basaltic in geochemistry and is described as a weakly explosive Quaternary volcano
which can distribute ash over a short distance from the source (Papazachos, 1973). Most of the
eruptions are typically "lateral" forming broad, long lava flows, and have little effect on the
sedimentology of the Sicilian-Tunisian Platform (Bullard, 1976).
ii) Pantelleria- The existence of a volcanic centre at Pantelleria is probably due to the thin
continental crust (20 km) beneath the island created by the extension of the region (Di Paolo,
1973). The volcanic evolution of Pantelleria has been discussed in detail by several authors (Di
Paolo, 1973; Villari, 1974; Civetta et al, 1984; Calanchi et al, 1989, amongst others) and
displays a distinctive peralkaline chemical composition ('pantelleritic')- Eruptions have been
dated at 220 ka BP (basaltic), 45 ka BP (pumiceous ignimbrites of the 'green-tuff), 35 ka BP
(pantelleritic eruption of Montagne Grande), 22 ka BP (pantelleritic eruption of the Gelkamar
dome), 16 ka BP (lower pantelleritic lava flows and domes), and 9 ka BP (explosive pyroclastic
fall forming the Cuddia di Mida tephra), giving the distribution seen in Figure 5_4. There has
been no reported volcanic activity on the island since 9 ka BP suggesting the volcanic centre
has moved. However, there have been submarine eruptions adjacent to the island during
historical times (see below) which may be related to the Pantelleria volcanic system (Calanchi
et ed., 1989).
iii) Linosa- The volcanic evolution of Linosa consisted of a period of submarine explosive activity
that formed a series of hyaloclastic rings during the Pleistocene along the SW flank of the
Linosa graben (Di Paolo, 1973; Grandjacquet & Mascle, 1978; Winnock, 1981, Calanchi et al,
1989). Eruptions have been very small scale, with no ash horizons recorded in the Pleistocene
stratigraphy. Therefore, the volcanic activity is thought only to affect the sedimentary fill of
the Linosa Trough, with infrequent volcanigenic gravity flows.
iv) The Eolian Islands- The Eolian volcanic arc, to the north of Sicily, comprises seven main
islands, two of which are active volcanoes (Stromboli and Vulcano). The islands are less than
one million years old and have evolved from a calcalkaline series to a high-potassium
calcalkaline series (Barberi et al., 1974; Boccaletti & Manetti, 1978). These islands are
unlikely to have a direct effect on the core location sites as prevailing winds (W-E) tend to
transport ash material towards the Ionian and Levantine basins of the Eastern Mediterranean.
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v) Submarine Volcanoes- There are a number of submarine volcanic centres on the Sicilian-
Tunisian Platform, located predominantly along the southern margin of Sicily, and which are
associated with the African/Eurasian subduction zone. Such volcanoes have been reported on
Nameless Bank (Banco Senza Nome) and Graham Bank, but little is known about their
structure (Calanchi et ah, 1989). The geological 'birth' of Graham Island (50 km NE of
Pantelleria) occurred in 1831 through a series of basaltic lava flows. This was followed by a
C>further eruption in 1891, 7 km NW of Pantelleria, showing that volcanic activity on the
Sicilian-Tunisian Platform is continually evolving. Since 1831, numerous other volcanic
seamounts have been seismically imaged on the Adventure Bank (Calanchi et ah, 1989). The
location of Sicilian-Tunisian submarine volcanic activity is shown in Appendix D.
5.4 Oceanography and Climate
The bathymetric high of the Sicilian-Tunisian Platform has a profound effect on the surface and
deep currents across the region. The oceanography is directly influenced by the local and global
climate, which in turn has an important relationship with the style of sedimentation in the deep
troughs and shallow rises of the Sicilian-Tunisian Platform. Although oceanography and climate are
considered separately here, they are most definitely related and are both significant controlling factors
on regional sedimentary distribution (see Chapter 6 for further discussion).
5.4.1 Oceanography and Current Circulation
The present current circulation over the Sicilian-Tunisian Platform is thermohaline driven, created
by the dense water formation in the Eastern Mediterranean (Chapter 2.5). This deep saline water
mass flows out through the Medina Wrench Zone and is replaced by less-dense surface water passing
over the platform and into the Eastern Mediterranean Sea (Appendix D). These two masses have the
following characteristics:
i) Deep, dense water masses- Presently, the higher evaporation rates in the Eastern Mediterranean
lead to the convective formation of Levantine Intermediate Water (LIW). The LIW has an
average salinity of 38.7 %o and a temperature of approximately 14 C (Stanley et al., 1975;
Moretti et al., 1993) and sinks in the Levantine Basin forming an anticlockwise current. The
deep current flows in a westerly direction towards the Sicilian-Tunisian platform, over which
its direction is controlled by the bathymetry, being channelled for the most part along the Malta
and Pantelleria Troughs (Appendix D). On exit of the Sicilian-Tunisian Platform the LIW
current moves directly towards the Tyrrhenian Sea under the prevailing influence of the bottom
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topography and the Coriolis Effect (Astraldi et al., 1996). At the Sicily Channel the current is
split by a small central ridge between two sills, one at 365 m on the Tunisian side and one at
*
430 m deep on the Sicilian side (Astraldi et al., 1996, see Figure 5_1). The annual mean high
velocity on exit through the eastern sill is greater than 35 cm/s and only 10 cm/s in the western
sill (Astraldi et al., 1996), with measured velocities of 15 cm/sec (winter) and 5 cm/sec
(summer) over the main platform region (Marani et ah, 1993).
ii) Surface water masses- described as Atlantic Water (AW) or Modified Atlantic Water (MAW),
this water mass flows eastwards at a measured velocity between 10 and 25 cm/sec but often
greater than 30 cm/sec (Stanley et al., 1975; Maldonado & Stanley, 1976; Manzella et ah,
1990). The Atlantic Water has a base at 100-200 m, with mixing between LIW and AW in
water depths as shallow as 60 m (Moretti et al., 1993). The salinity, at approximately 37.4 %0,
is much lower than that of the LIW and temperatures are seasonally variable from 13 C during
winter to over 23 C during summer (Stanley & Maldonado, 1976; Manzella et al., 1990;
Manzella, 1994). The Atlantic Water is not one body of flow, as different water masses are
noted on the Tunisian shelf and Sicilian shelves. These bodies create eddy currents and a main
flow nearer to the Tunisian coast (Moretti et al., 1993; Astraldi et ah, 1996, see Appendix D).
Other water masses, such as the Western Mediterranean Deep Water (WMDW) are formed during
the winter in the NW Mediterranean (Ligurian Sea) but flows are blocked by the Elba and Sicily sills
and the currents do not cross the Sicilian-Tunisian Platform (Astraldi et al., 1996). Hence, the
dominant E-W flow of intermediate water and W-E flow of shallow water are the present basic
oceanographic conditions. This water exchange, shown in Appendix D, has been reported to effect
sediment accumulation in the region, especially as the platform narrows at the Strait (Marani et al.,
1993). Adjacent to core site LC7 (north of the Sicily Channel), the seafloor is markedly scoured.
Marani et al. (1993) and Bowles et al. (1993) present seismic evidence of current erosion, which they
suggest is caused by the water exchange. The scouring is noted at different scales; deep seismic
images depict truncation of the basin fill, forming an erosional mounded geometry; whilst high-
resolution seismics demonstrate 'channel-like' erosional structures (Figure 5_5). The outflow of LIW
towards the Tyrrhenian Sea is believed to have created the sediment drifts ('plastered contourites,'
after Stow & Faugeres, 1993) on the north-eastern margin of Corsica (Marani et al, 1993). The
oceanographic effects on the sedimentary processes and distribution adjacent to the four Marion
Dufresne long-piston cores are discussed in the paper presented in Chapter 6.2.
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Figure 5_5. Seismic evidence from the Central Mediterranean of contour current erosion and deposition.
The water mass exchange across the platform has created characteristic contour current scours and deposition as introduced in
Figure 1_9, with the currents summarised in the location map and Appendix D.
A) As the Levantine Intermediate Water is resticted by the Sicily Channel topography, it is seen to scour the sea floor at a small-
scale (after Bowles et al., 1993) and by forming large-scale mounded topography as a result of erosion at the locations marked 'E'
(after Marani etal, 1993).
B) Slower current speeds on exit of the Sicilian-Tunisian Platform have created many depositional contourite features within the
Central Mediterranean (Chapter 6). These are reported by Marani et al. (1993), with the example showing episodic upslope
sediment drift migration (unit B) and present-day erosional scour on the Elba slope (between the islands of Corsica and Elba).
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5.4.2 Climate
The climate of the Central Mediterranean has had an important effect on the style and distribution
of sediments on the Sicilian-Tunisian Platform. The late Pleistocene climate for this study region is
very similar to that of the Eastern Mediterranean record presented in Chapter 2.5. The periods of
humidity, aridity and glaciation for the Central Mediterranean can be considered to be almost
identical to those recorded in the Eastern Mediterranean. However, due to the reduced importance of
climatic influence on fluvial systems in this region, the effects of climatic change are represented by
different processes of sedimentation to those seen in the Eastern Mediterranean. By far the most
important effect is on the water current flow characteristics across the Sicilian-Tunisian platform.
The velocities of the two exchanging water masses have been noted previously to have a stark
variability in response to seasonal climatic changes (Stanley et al., 1975; Marani et al., 1993; Astraldi
et al., 1996). Longer-term changes, associated with major global climate events, are therefore
expected to have greater, longer-lasting effects, which are recorded in the late Pleistocene
stratigraphic column. Evidence of these effects was proposed by Stanley et al. (1975) and Maldonado
& Stanley, (1976) who commented on the possibility of reversal of the two water masses during
glacial periods and during sapropel formation (see Appendix D). Stratification of the water column
and lower evaporation rates in the Eastern Mediterranean may have led to cessation of the LIW flow.
The authors hypothesised that the deep water current flowed from west to east with shallow water
sourced from the east. Whatever the current regime was during periods sapropel formation across the
Mediterranean, the underlying evidence clearly demonstrates that the Western Mediterranean and
Sicilian-Tunisian Platform were ventilated and the Eastern Mediterranean entered at least 12 periods
of anoxia due to water stratification (Appendix D).
5.5 Previous Sedimentological Studies of the Sicilian-Tunisian Platform
In a similar case to the Herodotus Basin (Chapter 2), literature searches have uncovered a general
lack of publications concerning recent sedimentation of the Sicilian-Tunisian Platform. Publications
have predominantly considered tectonic aspects of the region with only three or four dedicated
sedimentological studies to be found. These have, once again, been completed by the collaboration
of Daniel Jean Stanley and Andres Maldonado. Their three publications, together with few examples
from other authors, are presented below and form a general background to the sedimentology of the
Sicilian-Tunisian Platform.
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5.5.1 Stanley, Maldonado & Stuckenrath (1975). 'Strait of Sicily depositional rates and
patterns, and possible reversal of currents in the late Quaternary.'
This article represents the first in-depth review of the sedimentological process and distribution
patterns of the Central Mediterranean. The introduction gives a detailed background to the
physiography of the region and the previously completed work. The authors describe the
sedimentological sequences, processes and styles in three discrete sub-divisions of the Sicilian-
Tunisian Platform; 1) shallow bank, 2) neritic-bathyal platform and 3) deep-basin sedimentation (see
Section 5.0). The differences between benthic fauna bioturbation rates of the three settings were
noted, with the recognition that they were significantly lower in the deep basins (troughs) than in the
shallower neritic-bathyal platform and banks.
A significant finding was that the Sicilian-Tunisian Platform cores contain no evidence of
Sapropel formation. However, further to the east on the Ionian Abyssal Plain, these dark, organic rich
sediments are abundant. The authors concluded that this and concurrent faunal changes indicate that:
1) the region remained ventilated and swept by currents while density stratification and anaerobic
conditions prevailed to the east; and 2) circulation was not blocked at the Strait during the last glacial-
postglacial evolution. A hypothesis was raised stating that during the early warming phase of the
climatic curve a reversal of the water mass currents occurred across the platform (see Appendix D).
5.5.2 Maldonado & Stanley (1976). 'Late Quaternary Sedimentation and Stratigraphy in the
Strait of Sicily.'
The Smithsonian Contribution to the Earth Sciences volume is a comprehensive study of the late
Quaternary sedimentation across the Sicilian-Tunisian Platform and is an elaboration of the 1975
paper. A total of 39 figures including seismic sections, X-Radiographs, facies distribution maps,
Scanning Electron Microscope images, physiographic regions (Appendix D) and sea floor bottom
photographs and surface sediment distribution maps (Figure 5_6) give a pictorial explanation of the
sedimentological processes active in the three main environments of the region. The analysis of 32
cores allowed excellent representation of the sediment styles and distribution, with radiocarbon dates
indicating timing and rates of deposition.
5.5.3 Maldonado & Stanley (1977). 'Lithofacies as a function of depth in the Strait of Sicily.'
The final publication of the trilogy compares and correlates the style of sedimentation with the
depositional depth across the Sicilian-Tunisian Platform. The authors discussed this relationship,
revealing a pattern between gravity, hemipelagic and biogenic sediment distribution and the local
bathymetry. Five discrete sedimentary lithofacies were postulated:
Page 5-18CHAPTER 5- THE CENTRAL MEDITERRANEAN
Surface Sediment Distribution
39N-T
35N
Rock and Gravel
Sand and Silt
Clay and Mud
Calcareous Mud and Clay
Calcareous Ooze
(>30% CaCO,)
10E 11 14C 15E
Figure 5_6. Map showing the surficial sediment distribution across the Sicilian-
Tunisian Platform (adapted from Maldonado & Stanley, 1976).
Local island geology and contour currents control the distribution of the sediment
types, with the strongest currents and nearshore locations supplying the bulk of the
coarse-grained sediment.
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1) Coarse calcareous sands- containing high proportions of bioclastic detritus. These are found
predominantly on the shallow platforms and result from gravity flow processes.
2) Sands and Silts- generally bioclastic or volcanigenic. Distributed on both the shallow platforms
and in the deep basins, these sediments display parallel-, cross-lamination and graded bedding,
resulting from airfall tephra and turbidity currents.
3) Muds- comprising the most abundant of the lithofacies on the platform. The muds are deposited
in conjunction with the shallow, coarse, calcareous sands, as widespread, calcareous, hemipelagic
oozes and as basinal, fine-grained turbidites.
4) Sapropels and organic oozes- dark-coloured, fine-grained sediments. The authors reiterate the
absence of sapropels in the geologic record across the platform, but record the presence of an
organic-ooze-type deposit in the Linosa trough, which resembles dark hemipelagic mud.
5) Volcanic Ash- graded, glassy and muddy ash. Present across the whole platform, but particularly
preserved as primary, graded, air-fall tephra layers and as secondary, mixed planktonic and
benthic calcareous/ash turbidites on the deep basin floors.
In their three papers, Maldonado and Stanley introduced the processes active at different water
depths within such a unique physiographic setting. That topic is elaborated upon in the paper
presented in Chapter 6, using the core material recovered from the Marion Dufresne cruise 81.
5.5.4 Marani et al. (1993). 'Sediment drifts and erosional surfaces in the central
Mediterranean: seismic evidence of bottom-current activity'
Marani et al. (1993) use deep seismic imaging to show the effect of the water mass exchange
currents during recent geological history. Scouring of the seabed towards the western sill and the
'plastered' sediments on the eastern flanks of Corsica and Sardinia (Figure 55) are interpreted by
Marani et al. to be a direct result of the high current velocities across the platform. The seismic
evidence complements the high-resolution, shallow seismic profiles and core evidence obtained
during the MD81 cruise and is discussed further in Chapter 6 (core site LC7).
5.5.5 Max & Colantoni (1993). 'Geological development of the Sicilian-Tunisian Platform.'
The UNESCO report edited by Max & Colantoni (1993) is a thematic set of papers resulting from
a scientific meeting at the University of Urbino in 1992. The scope of the volume is large but is
focussed solely on the Sicilian-Tunisian Platform. The volume comprises a number of articles that
have been used in this background geology chapter and has particular relevance concerning two
sedimentological papers:
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1) Colantoni et al. 'Some notes on recent turbiditic sedimentation in the Pantelleria Basin (Sicily
Strait).'
This localised study of the deep trough SE of Pantelleria forms an important reference to the active
sedimentological processes on the steep flanks of the volcanic island. Cored sediments reveal
abundant fined-grained turbidites comprising coarse biogenic, volcanic and mixed basal Bouma Tb
and Tc divisions (Bouma, 1962). Frequent episodes of mass wasting were believed to be the cause of
closely spaced sub-parallel reflectors noted on 3.5 kHz seismic profiles (similar to those from the
MD81 cruise, see Figure 5_2). Colantoni et al. believe that turbidite distribution in the trough was
'small and local, rather than large and widespread', although the seismic profiles suggest otherwise.
Mineral provenance studies by the authors indicate that all sediments are derived from local sources,
except for fine aeolian silts and associated kaolinite clay minerals. Of particular interest are large
debris flow deposits imaged at base of the sparsely covered steep flanks and the debrite cored in the
centre of the trough. These may correlate with similar units cored during MD81 and discussed in
detail in Chapter 6.
2) Bowles, Lambert & Richardson. 'Sediment patterns within the trough separating the Tunisian
and Sicilian Platforms.
This short paper focuses on a new surveying technique for imaging the subsurface at a high
resolution, using the scoured region across the Sicily Channel {senso stricto) as an example of its
capability. Seismic profiles show exposure of bedrock on the seafloor, believed to be caused by the
removal of unlithified, soft sediment by the Levantine Intermediate Current as it is channelled through
the narrow gaps in the Sicily Sill. These scours and lenticular sediment distribution patterns are
shown in Figure 5_5.
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6- Sedimentation in the Centrat, Mediterranean
6.0 Introduction to this Chapter
Chapter 6 introduces the sedimentological results from the study of the four long-piston cores
from the Sicilian-Tunisian Platform, introduced in Chapter 5. The regional physiography and more
detailed analysis of the non-sedimentological geology of the Sicilian-Tunisian Platform are presented
in Chapter 5.
6.1 The role of narrow gateways on sediment processes and distribution: An
example from the sicilian-tunisian platform, central mediterranean sea
This section details the variation in sedimentation styles during the late Quaternary of the Sicilian-
Tunisian Platform using the analyses introduced in Chapter 1. It is presented in the format of a
journal publication, to both maintain the style of the previous technical chapters and to demonstrate
the intention to submitting it to a recognised journal after completion of this thesis and an external
review. Some of the introduction may repeat aspects mentioned in Chapter 5 and I recognise that
their will be suggestions from the journal reviewers on the improvement of the manuscript.
Co-authors and Supervisors Dr Stow and Dr Rothwell were integral on stimulating the discussion
on the topic of gateways and for text structuring.
Reeder, M. S, Stow, D. A. V. and Rothwell, R. G., in review. The role of narrow gateways on
sediment processes and distribution: An example from the Sicilian-Tunisian Platform, Central
Mediterranean Sea, submitted to Sedimentology.
Page 6-1chapter 6-Sedimentation en the central mediterranean
The role of narrow gateways on sediment processes and distribution: An example
from the Sicilian-Tunisian Platform, Central Mediterranean Sea
Michael S. Reeder1*, Dorrik A. V. Stow1, R. Guy Rothwell2
1 School of Ocean and Earth Sciences, University of Southampton,
2 Challenger Division for Seafloor Processes,
Southampton Oceanography Centre, European Way, Empress Dock, Southampton, SO14 3ZH.
# currently at Gaffhey, Cline & Associates, Bentley Hall, Blacknest, Alton, Hampshire, GU34 4PU.
Abstract
The geological evolution of narrow oceanic gateways at convergent plate and faulted
continental margins has a major effect on sediment processes and distribution. Careful study
of a series of four giant piston cores and associated 3.5 kHz seismic profiles from the Sicilian-
Tunisian Platform clearly illustrates this complex interaction of tectonic, volcanic,
oceanographic and climatic controls on sedimentation in the Sicilian Gateway.
Tectonic uplift and rotation of the central Mediterranean region has created a series of deep
(>1000 m deep) partially linked troughs
- the Medina Wrench Zone - within a broad, faulted,
shallower platform (<200 m). The troughs are characterised by downslope gravity flows,
resulting from frequent seismic and volcanic activity on their flanks, and by high rates of
background hemipelagic/contourite accumulation (16-30 cm/ka). The Malta and Sicily Sills, to
the east and west of the platform respectively, show mainly slow hemipelagic sedimentation at
rates of 2-5 cm/ka during the Pleistocene. Bottom current influence is noted in the core from
the Sicily Sill area.
The late Pleistocene climate has affected primary biogenic productivity across the platform
and has also had a major impact on the water exchange between the eastern and western
Mediterranean basins. Dense westerly flowing Levantine Sea Intermediate Water (LIW) is
channelled along the deep troughs of the Sicilian Gateway. Interaction of this bottom current
with local topographic barriers leads to flow disturbance and enhanced mixing with the
overlying Modified Atlantic Water (MAW). The bottom nepheloid layer is also mixed upwards
by this process, which we call bottom current flow lofting. On exiting the troughs the LIW
scours the western sill and builds contourite drifts in the western basin. The easterly flowing
surface MAW, together with prevailing winds from the west, have transported and distributed
volcanic ash and desert sand towards the east.
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During its Pleistocene history, the platform has controlled the amount and direction of water
interchange between east and west, resulting in many cycles of stagnation and the formation of
organic-rich sapropels in deeper parts of the eastern Mediterranean basin.
1. Introduction
Deep oceanic gateways are narrow conduits that cut across the sills between ocean basins and
thereby allow the exchange of deep and intermediate water masses. Gateways that connect the major
world oceans with their high-latitude source of cold, dense, bottom waters have recently become the
focus of scientific scrutiny. The Arctic-North Atlantic gateway has been investigated during Ocean
Drilling Program (ODP) legs 151 (Myhre, Thiede, Firth et ah, 1995) and 162 (Jansen, Raymo, Blum
et al., 1996), and the Southwest Pacific gateway during leg 181 (Carter, McCave, Richter, Carter et
al, 1999). Part of the rationale behind such work has been an attempt to elucidate past changes in
bottom current flow through gateways, directly or indirectly linked to climatic change, by decoding
the signatures recorded in contourite facies and their distribution.
The mid-latitude Gibraltar gateway, which allows water exchange between the marginal
Mediterranean Sea and the North Atlantic Ocean, has been partially documented in a series of papers
edited by Maldonado & Nelson (1999). An important finding of these and other gateway studies is
that bottom current features and contourite facies are intercalated in time and space with those of
downslope processes, including slides, slumps, debris flows and turbidity currents, as well as with
background pelagic and hemipelagic sedimentation. Tectonic, sea- level, climatic and physiographic
factors all influence the complex nature and distribution of sediment deposition and erosion in
gateways (Stow & Morri, 2000).
This paper focuses on another mid-latitude gateway, the Sicilian gateway, which cuts across the
Sicilian-Tunisian Platform between the eastern and western Mediterranean basins (Figure 6_1).
Exchange of water masses through this gateway has been very sensitive to climatic changes through
the Quaternary period (Stanley et al, 1975; Marani et al, 1993; Astraldi et al., 1996), both in terms
of flow volume and direction. Sediment facies and processes over the Sicilian-Tunisian Platform as a
whole are known to be very varied (Maldonado & Stanley, 1976, 1977; Max et al, 1993), and to have
been influenced by volcanic, seismic and physiographic factors, as well as by climate-controlled
variation in sea-level and bottom-current flow. Only two papers to date have directly related bottom
current flow through the gateway to contourite drifts and erosional scours (Bowles et al., 1993;
Marani et al., 1993). These were both based on seismic evidence alone.
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The present study uses data from four long piston cores collected from the gateway region (see
below), in order to:
a) better define gateway processes, their interaction and controls;
b) determine the sediment flux to and through the gateway;
c) note the influence of late Quaternary climate change on bottom currents and contourite
accumulation; and
d) observe the larger-scale effects of the platform-gateway system in the Mediterranean Sea.
1.1 Methods
The research vessel Marion Dufresne sampled four locations across the Sicilian-Tunisian
Platform during the MD81 expedition of 1995, collecting giant piston cores and recording the
subsurface with a 3.5 kHz high-resolution seismic profiler (Table 6_1 and Figure 6_1). Cores ranged
in length from 19.86 m to 31.27 m and seismic profiles penetrated up to 80 m below the subsurface
across the platform.
Core
LC7
LC8
LC9
LCIO
Latitude
3808.72' N
3634.92' N
3628.19'N
3512.77'N
Longitude
1004.73'E
1227.20' E
1319.39' E
1634.88' E
Water
Depth
(m)
488
1308
1721
1322
Core
Length
(m)
23.66
31.27
25.88
19.86
Location
NE of Skerki Channel
Pantelleria Trough
Malta Trough
North of Heron Valley
Table 6 1, Position, water depth, core length and physiographic location of the four long-piston
cores collected from the Sicilian Tunisian Platform during Marion Dufresne cruise 81 (MD81).
Two long-piston cores were collected from the centre of the platform within the deep trough
physiographic setting and another two from the extreme western and eastern edges of the platform, in
the region of the Sicily Sill and just east of the Malta Sill. Post-cruise study of the cores included
standard sedimentary core description and collection of samples for smear slide and grain-size
analyses:
Grain Size analysis of the selected sedimentary units involved the separation of the sand and
silt/mud fractions by wet sieving, followed by analysis of the fine fraction (2-63 m) using a
Micromeritics 5100 sedigraph size analyser. The sand fraction (if present) was analysed by
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mechanical separation through a sieve stack for approximately 5 minutes on a moderate vibration.
The sample interval varied between 5 and 35 cm throughout all sampled sections. The coarse, fragile
pumiceous
sediments of core LC8 (19.50
- 28.46 m below sea floor) were analysed by direct
measurement of the maximum grain or clast size observed over successive 4 cm intervals of the 8.94
m thick unit.
Micropalaeontological analyses were completed during the MD81 expedition and included the
description of foraminiferal and nannofossil assemblages (Kahler & Dossi, 1996). The assemblages
were used to determine water/climatic conditions and to give a preliminary estimate on emplacement
times (using the late Pleistocene coccolith stages of Weaver, 1983).
2. Geological and Physiographic Setting
The Alpine collision of the African and Eurasian plates has had a major control on the geological
and sedimentological evolution of the Central Mediterranean (Figure 62). Tectonic uplift related to
collision has created the Sicilian-Tunisian Platform, a broad shallow-water sill separating the eastern
and western Mediterranean basins. Complex interaction of the major plates has led to creation of the
Messina microplate over the northern part of the platform (Jongsma et al., 1985). Although collision
is essentially compressive along a plain perpendicular to the main suture zone, the Messina
microplate has been rotated, leading to extensive dextral strike-slip faulting across the platform. This
is known as the Medina Wrench Zone (Figure 6_2b). Regional transtension and transpression in this
zone has created a series of horsts and grabens forming the small carbonate islands of Malta,
Lampedusa and Lampione and the en-echelon Pantelleria, Malta and Linosa troughs. Thinning of the
crust has produced the volcanic islands of Pantelleria and Linosa, as well as a number of other
submarine volcanoes within the Sicilian-Tunisian Platform.
This platform has the island of Sicily bordering to the north and the landmass of Tunisia to the
south, with a minimum separation distance of just 70 km (Marsala, Sicily to Cap Bon, Tunisia) and a
maximum separation of over 440 km (SE Sicily to the Gulf of Sirte on the North African margin, see
Figure 61). An increase in the angle of slope down towards the Balearic Abyssal Plain and the
islands of Sardinia and Corsica of the Western Mediterranean marks the western extremity of the
Sicilian-Tunisian Platform, known as the Sicily Sill. The eastern margin is delineated by the Malta
Sill and the steep, approximately north-south-trending Medina and Malta Escarpments, which lead to
the Ionian Abyssal Plain and Sirte Rise of the eastern Mediterranean basin. Approximately 47 % of
the Sicilian-Tunisian Platform has a depth shallower than 200 m, 50 % comprises intermediate water
depths (between 200 m and 1000 m) and 3 % of the region is covered by the deep (> 1000 m) and
narrow (< 35 km) troughs of the Medina Wrench Zone (Maldonado & Stanley, 1976).
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The island of Sicily is largely composed of subduction-related thrust slices, which represent the
late Tertiary accretionary prism complex formed from African-Eurasian plate collision and closure of
the Neotethys Ocean (Catalano et al, 1993). A thick succession of Numidian Flysch elastics,
followed by foredeep and piggyback basin sediments, generally overlie the foundered Mesozoic-
Paleogene carbonate bank-basin province that formerly lay across the region. Numidian Flysch
elastics, the coeval deltaic/shallow-water Fortuna Sandstone formation, and platform carbonates
dominate the geology of northern Tunisia.
3. Oceanographic Setting
Present-day circulation over the Sicilian-Tunisian Platform involves the thermohaline exchange
of water masses between the eastern and western Mediterranean. Higher rates of evaporation in the
east Mediterranean basin lead to the formation of Levantine Sea Intermediate Water (LIW) (average
salinity 38.7 %o and temperature 14 C, Moretti et al, 1993). This sinks in the Levantine Basin and
forms a deep anticlockwise gyre. This deep current then flows in a westward direction towards the
Sicilian-Tunisian Platform, over which its direction is controlled by the bathymetry, being
channelled through the Wrench Zone troughs and then spilling over into the Tyrrhenian Sea through
two main gaps in the Sicily Sill, one at 365 m depth on the Tunisian side and one at 430 m depth on
the Sicilian side (Astraldi et al, 1996). Surface water, known as Atlantic Water (AW) or Modified
Atlantic Water (MAW), flows eastwards across the platform above the LIW. Its salinity is lower
than LIW (average 37.4 %o) and temperatures seasonally more variable, from 13 C during Winter to
23 C during Summer (Stanley et al, 1975; Marani et al, 1993: Moretti et al, 1993).
The relationship between the two water masses is complicated by the complex platform
topography and also varies on eustatic, seasonal and regional climatic time scales (Moretti et al,
1993; Astraldi et al, 1996; Manzella et al, 1990; amongst others). Average current velocity
measurements of the two water masses have been recorded at 30 cm/s for the eastward flowing
MAW and between 5 cm/s and 15 cm/s for the Summer and Winter seasonal flows, respectively, of
the westerly flowing LIW (Marani et al, 1993).
4. Sicilian-Tunisian Platform Sedimentological Results
The late Pleistocene sediment accumulation in the four long piston cores is markedly different at
each of the four sites (Figure 61). Each is therefore considered separately, Nannofossil dating has
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shown that each of the sill sites (LC7 and LCIO) penetrated to between 500 and 600 ka, whereas
recovered sediments at both trough sites (LC8 and LC9) are less than 60 ka old.
AREA 1: Western Strait Narrows -Core LC7
Core station LC7 is situated on the western margin of the Sicilian-Tunisian Platform, the Sicily
Sill, to the east of the Skerki Channel (Figures 6_1 & 6_3). The Levantine Intermediate Water and
the Atlantic Water flows are at their most confined in this location as the gateway between the
western and eastern Mediterranean narrows to approximately 70 km at the surface and to a much
narrower passage at depth. The Strait Narrows are characterised by the presence of scoured channels
and the relatively shallow bathymetry (<500 m) of the Sicily Sill (Marani et ah, 1993; Brooks et al.,
1993).
Sedimentology
The sediment of the late Pleistocene consists predominantly of grey to olive/grey (5 Y6/2, USGS
Rock Color Chart Committee 1991) foraminiferal muds and nannofossil oozes (Figure 63). Core
description analysis noted probable positive and negative grading of the sediments, with the coarser
fractions containing a greater abundance of echinoid, crinoid, bivalve and brachiopod fragments.
The entire 23.66 m of sediment shows variable amounts of bioturbation, which may have destroyed
any primary sedimentary structures. However, abrupt changes in sediment colour, showing irregular
contacts are present throughout the cored section (Figure 6_4).
One prominent feature of the core is the presence of a dark (5Y4/2), relatively unbioturbated
foram-rich terrigenous sand, seen approximately 16.8 m below the sea floor. This sand has a scoured
base overlain by a well-defined negative to positive grading in grain-size. The rest of the succession
is entirely composed of light olive grey, homogeneous, bioturbated, calcareous muds. There is a
general absence of primary sedimentary structures, apart from rare thin, non-pervasive laminae of
coarser sediments, resembling small scours, typically filled with foraminiferal and shell fragments.
Less regular lenses of coarser and finer material may be due to bioturbation rather than currents.
Bioturbation is pervasive and intense; specific burrows include Chondrites, Planolites, Zoophycos
and a long tubular form. The calcareous component is largely bioclastic (foraminifers and
nannofossils), but also includes non-specific carbonate grains, possibly of rock-fragment origin. The
terrigenous component is mainly clay minerals and fine, quartz-rich silt. There is a somewhat
irregular variation in sediment colour through the length of the core, with darker hues indicative of
more terrigenous input and lighter hues being more calcareous.
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Figure 6_3. The physiographic, core and seismic characteristics of the western Sicilian-Tunisian Platform (Sicily Sill).
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a) Core section comprising dominant hemipelagic silts and muds with small scours. A graded foraminiferal sand is
present at approximately 16 mbsf, deposited by either alongslope or downslope allochthonous sedimentation.
A and B relate to the positions of the photographs in Figure 6_4.
b) The 3.5 kHz seismic profile (located on map as dark line) shows an undulating, 'moulded' bathymetry proposed to be
caused by faulting and bottom current erosion. Some localised gravity flows may be seen.
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The results of detailed grain-size analysis are shown in Figure 6_4. Mean grain size shows
regular to less regular oscillations with a magnitude of 10-15 m in 20-40 cm cycles. There is also a
broader cycle over 4-5 m with a mean size range from about 15 m up to 50-60 m, centred on the
foram-rich sand at 16 m depth.
Micropalaeontology
The analyses of Kahler & Dossi, (1996) obtained during Marion Dufresne Cruise 81, noted 5
dateable intervals, identified on their foraminiferal and coccolith assemblages. Approximate
accumulation rates throughout the core have been estimated to vary between 2 and 5 cm/ka (Figure
6_3). The micropalaeontological assemblages show only minor evidence of reworking of the
sediments.
Interpretation
Most of the 23 m core can best be interpreted as of hemipelagic origin, but with more or less
bottom current influence in parts. The pervasive bioturbation, rare primary structures, mixed
composition and distinctive grain-size oscillation are all indicative of muddy contourites (Stow et ah,
1996). Where these features are more evident, together with reworking of microfossils and slightly
higher accumulation rates, then we suggest weak bottom currents have been operating. In other
parts, hemipelagic sedimentation dominates. Interpretation of the sandy horizon is more complex: its
terrigenous-dominated composition and general characteristics indicate that it is a turbidite that has
overspilled from the Skerki Channel; however, the abrupt top, lack of a fine-fraction and admixed
bioclastic sand component suggest that it has been subsequently reworked and modified by bottom
currents.
3.5 kHz Seismic Profiles
3.5 kHz high-resolution seismic profiles from the western Strait Narrows show an irregular and
undulating seabed with 30-40 m penetration of the sediment. The morphology of the seafloor most
likely results from a combination of tectonic displacement, some downslope-oriented channels and
bottom current moulding of the bathymetry. The profile in Figure 6_3 reveals some stratification
beneath a relatively strong seafloor reflector. In part, this shows even, parallel draping typical of
hemipelagic accumulation, but there are also subtle thickness variations (e.g. in the vicinity of Site
LC7) and possible sediment waves that are more indicative of contourite drift deposition. The
sediment mass filling the bottom of the channel immediately SE of LC7 could be interpreted as
either a slump unit or a contourite patch drift.
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AREA 2: Eastern Sicilian-Tunisian Platform -Core LCIO
Core station LCIO is located on the eastern flank of the Sicilian-Tunisian Platform, at a water
depth of 1322 m. The 19.86 m long core was collected from a continuation of the Medina Ridge
topographic high, at the intersection of the Medina Trough and Sicily-Malta Escarpment (Figure
6_5). The location of the core can be considered to be at an intermediate bathymetry on the eastern
flank of the Sicily-Malta Sill.
Sedimentology
The sedimentology of core LCIO is similar in certain aspects to that of LC7 from the western
margins of the Sicilian-Tunisian Platform (Area 1). It mainly comprises greyish yellow to olive/grey
foraminifer- and nannofossil-rich muds that are likewise bioturbated by variable amounts. The
colour of the sediments changes notably (from 10YR7/2 to 10YR4/4) in alternating 10-30 cm thick
units. Ichnofabrics are seen on both the millimetric-scale Planolites and Chondrites mottling to
centimetre- and even decimetre-scale undetermined burrowing fauna. There does not seem,
however, to be a direct relationship between sediment textures and bioturbation fabrics. Dark iron
monosulphide mottles and streaks are common.
Eight volcanic tephra layers have been recognised within the sediments of core LCIO, together
with 6 sapropel or sapropelic layers (Figure 6_6). The millimetre- to centimetre-thick volcanic
airfall deposits have dark, fine crystalline grains and are most likely derived from the larger eruptions
of one or other of the nearby Pantelleria, Linosa, Eolian Islands, Etna and Roman/Campanian
volcanic centres. The sapropelic layers are much thicker, ranging from 2 to 17 cm in thickness, and
comprise distinctive accumulations of organic-rich sediments. Their formation is related either to
periods of high primary productivity or to stratification of the water column, both giving anoxic
bottom water conditions (Bethoux 1993; Higgs et al., 1994; Rohling 1994; Aksu et al, 1995). More
complex combinations of these controls, related to changes in the pattern of circulation across the
Sicilian-Tunisian Platform, have also been proposed (e.g. Rohling 1994). LCIO is notably the only
core from this study to contain sapropelic layers.
Micropalaeontology
The micropalaeontology of core LCIO demonstrates a partially reworked assemblage in the top 7
m, with the remaining 13 m showing only minor disruption of the sediments (Kahler & Dossi, 1996).
All sediments are Pleistocene in age (<1.64 Ma). The age and accumulation rates of core LCIO are
very comparable to those of core LC7, except for the inclusion of several sapropelic layers, which
have been used in conjunction with nannofossil assemblages and volcanic events to constrain the
sedimentary accumulation rates (Figure 6_5). Only one sapropelic horizon was positively identified,
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Figure 6_5. Physiography, sedimentology and seismic expression
of the eastern margin of the Sicilian-Tunisian Platform (eastern
Malta Sill).
Core LCIO is dominated by 'background' sedimentation, with no
evidence of input from gravity flows. Stratigraphic marker beds,
such as Sapropels and volcanic tephra complement the micro-
palaeontological dates from Kahler & Dossi, (1996). The
sequence shows a relatively undisturbed and complete
stratigraphy for the eastern margin core, probably due to its
location on the topographic high seen in the 3.5 kHz profile. A
and B relate to the location of the photographs in Figure 6_6.
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Core LCIO
A) Sapropel S6 B) Tephra Layers
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Figure 6_6. Distinctive marker sediments within core LCIO.
A) an organic-rich Sapropel (S6) showing both primary lamination overlain by a
reworked sapropellic mud. The primary layer represents a period of water
column stagnation and ceasation of the Levantine Intermediate Water current
flow.
B) multiple reworked and primary tephra layers from nearby Pantelleria, Etna,
Campanian, Eolian and Roman volcanic centres.
Location of photographs within the core may be seen in Figure 6_5.
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that being Sapropel S6 at 6.43 m below sea floor, with others being interpreted from their relative
position within the stratigraphy. Sapropel S6 has been dated at 172 ka BP (Hilgen 1991) and allows
the accumulation rate of the overlying bioturbated olive/grey muds to be calculated at approximately
3.74 cm/ka. Less well constrained dating of the other sapropels and volcanic tephra give
accumulation rates between 1.7 and 5.8 cm/ka.
Interpretation
The location of the core station on a local high just east of the Malta Sill has served to protect it
from any downslope processes. There is no evidence for turbidites or other sediment gravity flow
deposits in the core. The core of LIW passes through the deeper passageway (Heron Valley) just
south of this topographic high, so that we might expect to find evidence for bottom current erosion
and deposition in this valley. However, the water depth at site LCIO (1322 m) makes it possible that
the upper part of the LIW may have had a weak effect on deposition over the high at times. There is
little evidence for this in the core, except for a partially reworked microfossil assemblage in the top 7
m. In general, then, the section forms a good record of background hemipelagic sedimentation in the
region during the past 500 ka or so. The absence of other processes has allowed accumulation of thin
airfall/water-settled tephra, as well as good preservation of some of the sapropel horizons recognised
throughout the eastern Mediterranean.
3.5 kHz Seismic Profiles
Seismic profiles from the eastern Sicilian-Tunisian Platform are very similar to those around core
site LC7 of the western region. The bathymetry is very rugged and near core site LCIO it rises
steeply to a topographic high, from which the core was collected. Seismic penetration is limited to
about 30 m, with a relatively strong seafloor reflector and parallel, draped sub-bottom reflectors,
characteristic of pelagic and hemipelagic sedimentation. The sharp seafloor irregularities are most
likely fault related, with local slumping down steep flanks. Small-scale notches in the seafloor,
typically found in the moat-like areas surrounding the high, appear to be bottom-current related.
AREA 3: Pantelleria Trough -Core LC8
Core station LC8 is situated 30 km south-east of the island of Pantelleria. The core is 31.27 m in
length and was recovered from a water depth of 1308 m. The Pantelleria trough is a NW-SE trending
graben measuring approximately 80 km in length by 30 km in width, bounded by high, irregular
faulted slopes, and with an essentially flat sea floor below 1300 m (Figure 6_7). The NE flanks of
the trough have slopes between 10 and 25, contrasting to the shallower 5 to 10 slopes to the SW.
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Figure 6_7. Core description, location and physiography of the Pantelleria trough. The deep depression is characterised by a relatively flat trough floor, bounded by faulted and steep
flanks. The sediments display a high rate of accumulation of the bioturbated, scoured hemipelagic muds, within which is a thick pumiceous and carbonate-rich megabed. Here named the
Pantelleria Trough Megabed, the deposit can be traced across the trough on the seismic profile by its discrete transparent acoustic characterisitics. Figure 6_8 shows that although the
megabed may be divided into two separate units, it can be considered to have been deposited during one mass-wasting event. A and B relate to position of photographs in Figure 6_8.
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Major volcanic activity to the west of the trough is believed to have occurred during graben
formation in the latest Miocene and Early Pliocene (Calanchi et al, 1989). This evolved into
subaerial volcanism on the island of Pantelleria, which has been constructed over the last 141 ka
(Civetta et al, 1984). The eruptive geochronology of the island is well dated, with the last associated
eruption seen 5 km NW of the island in 1891.
Sedimentology
Subsurface seismic studies of the Pantelleria Trough have suggested a Pliocene to Quaternary
accumulation of over 1000 m (Winnock 1981; Colantoni et al, 1993). The topmost 31m (Core
LC8) is characterised by light olive-grey (5Y6/2) nannofossil and foram-rich, bioturbated muds,
interbedded with thin to very thick gravity flow deposits and thin tephra layers. The thickest of these
is a 16.41 m thick, pumiceous, gravity flow megabed (see description below and Figures 67 and
68). At a depth of 1.41 m below core top is a 40 cm thick structureless mud turbidite, showing
characteristic positive grading in grain-size, a mixed calcareous/volcaniclastic composition and an
absence of bioturbation. There are two thin (2 cm thick) tephra layers between 5.5 and 6 m below
the sediment/water interface, and a thicker (6 cm + 2cm) resedimented tephra couplet at 30.48 mbsf.
This is distinguished by its dark green crystalline amphibole grains, small pumiceous clasts (<2 mm)
and dark coloration (5Y4/1 to N3, Figure 6_8). The lower bed is normally graded and laminated
with a slightly erosive/loaded base. There appears to be a 1 cm thick finer grained graded layer
directly below the main layer. The sharp top is capped by about 2 cm of bioturbated, calcareous
mud, which is directly overlain by a further thin (2 cm), graded, laminated tephra layer.
The Megabed comprises 8.94 m of coarse-grained pumiceous/carbonate debris, sharply erosive
into bioturbated, calcareous muds and grading up into 7.47 m of well-graded
volcaniclastic/calcareous sand and mud (Figure 6_8). The coarse debris comprises sub-angular to
well-rounded, friable, poorly-sorted pumiceous clasts (80 %) intermixed with shallow-marine
bivalves, brachiopods, carbonate and dolomite clasts (15 %), and minor amounts of dark and clear
glass shards, volcanic-derived minerals (amphiboles) and quartz grains (collectively approximately 5
%). Mineralogically, the overlying sand/mud unit is similar, with the exception that the finer grain-
mud is more carbonate-rich and the pumice is concentrated in isolated laminae towards the base.
Variations in sediment fabric within the lower debris unit occur on a decimetre-scale, with zones of
firm, semi-consolidated grain supported clasts alternating with 'soupy,' unconsolidated mud/matrix
supported units. The firmer sections are generally darker in colour (5Y2/1) than their unconsolidated
counterparts (5Y5/4). No other sedimentary structures are present, apart from the uniformly graded
upper unit and one 3 cm thick horizon of cm-diameter pumice clasts, approximately 50 cm from the
top of the turbidite.
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Maximum grain size (measured at 4 cm intervals) shows marked cyclicity on a 2-3 m scale
through the lower unit, superimposed on a crude normal grading, and then a much smoother grain-
size decrease through the upper unit. Variation of the maximum grain (or clast) size shows
decimetre-scale cycles (Figure 6_8).
Micropalaeontology and tephra chronology
The nannofossil and foraminifera assemblages of the sediment above and below the megabed
show a high amount of reworking, with all samples containing specimens of the coccolith species
E.huxleyi (<60 ka BP, using the classification of Weaver, 1983) together with pre-Pleistocene
coccolith assemblages (Kahler & Dossi, 1996). All the sediments must have therefore been
deposited during biozone NN21, but due to mixing of assemblages no further biostratigraphic
subdivision is possible. The bioturbated olive/grey muds total 13.65 m of the overall core thickness,
giving an average accumulation rate of the background sediment of at least 20 cm/ka.
The emplacement of tephra layers in core LC8 may be related to dated volcanism on the island of
Pantelleria. There is a distinctive Green Tuff (welded ignimbrite or pumiceous airfall) deposit on the
island that has been dated at approximately 45 ka BP (Civetta et al., 1984). Distinctive green-
coloured, amphibole-rich crystal/pumiceous tephra have been recorded in cored sediment from both
the central and eastern Mediterranean and related to eruption of the Green Tuff (Y6 tephra of Keller
et al., 1978). We suggest that the resedimented, green-coloured, tephra layer at a depth of 30.49 m in
LC8 is best correlated with this Y6 tephra and therefore gives an age of 45 ka BP. This date is
compatible with the micropalaeontological constraint of deposition within the past 60 ka (from
coccolith zonation after Kahler & Dossi, 1996), and so enables us to revise the average accumulation
rate of the background (hemipelagic) sediment in this core to approximately 30 cm/ka. The Y6
tephra is located 200 cm below the base of the megabed (not including erosion by the megabed and
sediment lost during coring), relating to a time interval of approximately 7-10 ka between the
eruption of the Green Tuff and the emplacement of the megabed. The next major period of volcanic
activity on Pantelleria after the Green Tuff was the eruption of the Montagne Grande complex, dated
at 35 ka BP by Civetta et al. (1984). We therefore suggest that the megabed emplacement relates to
instability along the eastern flank of the island caused by the eruption of the Montagne Grande
complex at 35 ka BP. We are less certain of the dates of the two thin tephra layers in the upper part
of LC8 but, based on a background sedimentation rate of about 30 cm/ka, they would have been
deposited at about 15-16 ka BP. This coincides with the lower Pantelleritic lava flows and domes on
Pantelleria Island which have been dated at 16 ka BP.
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Interpretation
There is little doubt that the two thick graded beds recorded in core LC8 are sediment gravity
flow deposits. The megabed was shed from the flanks of Pantelleria Island following a major
volcanic eruption, mixed with shallow-water carbonate material, and then spread out over the entire
basin floor (see below). The two distinctive parts of this bed may be interpreted as a debrite-turbidite
couplet, in common with other similar megabeds, for example the Gordo Megabed of SE Spain
(Kleverlaan, 1987), the Doumsan Megabed (Chough et al, 1990) and 1929 Grand Banks earthquake
deposit (Heezen & Ewing, 1952; Piper & Aksu, 1987), or as a single megaturbidite. The overall
grading and grain-size cyclicity of the lower unit, coupled with its basinwide distribution, might
argue in favour of a turbidite interpretation (see Labaume et al, 1987). The thinner turbidite towards
the top of LC8 is also of calcareous bioclastic composition and probably results from a slump-
induced turbidity current from the trough flanks. The lowermost, green tephra layer (Y6) was also
resedimented by a turbidity current, following eruption of the Green Tuff on Pantelleria, with
evidence of at least two phases of flow.
The background sediment is devoid of primary structures and pervasively bioturbated. Our initial
interpretation would therefore be of hemipelagic deposition. However, the extensively reworked
microfossil assemblage and relatively high rates of accumulation suggest additional input, most
probably from bottom currents (see discussion section 5.2).
3.5 kHz Seismic Profiles
The seismic profile of the Pantelleria Trough contrasts strongly to that of the western and eastern
margins of the platform, showing steep sided flanks and a well-stratified fill of the flat trough floor
(Figure 67). Seismic penetration is 30-40 m. An acoustically transparent layer can be seen across
the entire transect of the basin on the 3.5 kHz profiles (60 km), approximately 15 m below the
seafloor and about 15 m thick (using a sediment velocity interval of 1500 m/s). This corresponds
well to the depth and thickness of the megabed in the core section. If we assume that this layeÄs'
present under the whole basin, the volume of the megabed would be in the order of 30 km3 (80 km by
30 km by 0.015 km). Additional large mass movements are imaged on the steep margins of the
trough and are interpreted as slump and slide deposits. Sub-parallel reflectors below the acoustically
transparent layer may indicate older gravity flow emplacement. Further upslope, and towards the
island of Pantelleria, there are irregular hyperbolae with little seismic penetration, indicating a
probable thin cover of sediments overlying a rocky subsurface.
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AREA 4: Malta Trough -Core LC9
Core station LC9 is located approximately 60 km north-west of the Maltese islands and some 50
km east of core station LC8. The core is 25.91 m long and was recovered from a water depth of 1721
m within the Malta Trough. Trending in a NW-SE direction, this trough is the deepest (at over 1700
m), longest (at over 150 km long) but on average the narrowest (at 18 km in width) of the three
troughs in the Medina Wrench Zone through the Sicilian-Tunisian Platform. It is bounded by the
steep, faulted footwalls of the graben structure and is separated from the Pantelleria trough by a small
bathymetric sill.
Sedimentology
The late Pleistocene sedimentation of the Malta trough is characterised by numerous thin (5 to
171 cm) carbonate turbidites interbedded with a background of bioturbated calcareous muds
('hemipelagites'). These medium olive-grey (5Y5/2) background sediments display variable amounts
of bioturbation, together with many scoured, discontinuous laminae of coarser foram and shell
fragment-rich silts and sands (Figures 6_9 and 6_10). Between core depths 15.28 and 17.14 m, there
is a zone of micro-scale extensional faults showing displacements of only 1 to 2 cm. Only one thin
tephra layer has been positively identified at a depth of 9.4 m.
The turbidites are light olive/grey (5Y6/2) graded beds that are similar in colour and composition
to the background sediments. They are distinguished from these by their clear grading in grain-size
and lack of bioturbation. Their bases are often eroded into the underlying sediments and are overlain
by Bouma (1962) Ta divisions, comprising upto a 3 cm thickness of shell fragment- and foraminifera-
rich sand. More rarely, these are overlain by millimetre-scale, parallel-laminated silts of Bouma Tb
division and very rare cross-laminated and ripple-laminated silts of Bouma Tc division. These thin Tb
and Tc divisions (collectively less than 10-15 cm thick) are overlain by fine-grained structureless Te
muds, typically in excess of 150 cm thick. Very little if any terrigenous component is present in any
of the turbidite divisions.
Micropalaeontology
The shipboard analysis of the nannofossil and foram assemblages noted that all of the samples
contained the marker species E.huxleyi and were therefore deposited within the past 60 ka (Kahler &
Dossi, 1996). A major reworking of the sediments was interpreted by the presence of Miocene,
Pliocene and Pleistocene fauna. The olive-grey bioturbated muds total 9.61 m in thickness, giving an
accumulation rate over the last 60 ka of at least 16 cm/ka (Figure 6_9). However, with no other age
control, this rate is clearly a minimum value.
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a) Core descriptipon for LC9 Bathymetry and Physiography
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Figure 6_9. Sediment description, location and seismic profile for core LC9 from the Malta Trough. The stratigraphy is dominated by hemipelagic mud
and carbonate turbidites derived form the steep faulted flanks of the trough. The trough fill shows many sub-parallel, sub-bottom reflectors indicating the
repetition of the turbidite/hemipelagite interbedding. A and B relate to photographed sections presented in Figure 6_10.
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Core LC9
A) Carbonate Turbidite B) Faulted Hemipelagite/
Contourite
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turbidite mud
division (Te)
No burrowing
fauna
Laminated silt
division (Td)
Cross-laminated
silt division (Tc)
Basal foram and
shell fragment-
rich sand
(laminated?Tb)
Bioturbated
and mottled
hemipelagite
with well-
preserved
pteropod
Foram-rich
mottled
hemipelagite
Darker, coarser
silts seen to
be scouring the
hemipelagites
Series of small
r extensional
microfaults
2 cm displacement
- on this normal
fault
Unpervasive
silt scour
FeS spots
10 cm
Figure 6_10. Photograph of a carbonate turbidite and hemipelagite showing
extensional faulting within core LC9 of the Malta Trough.
A) eroded base, grading, parallel- and rare cross-lamination of a carbonate-rich
turbidite. Forams and shell material are concentrated towards the base of the
many turbidites seen in the trough stratigraphy. Turbidite structural divisions
after Bouma (1962).
B) hemipelagic-like sediment showing darker, coarser scoured laminae and
frequent extensional microfaulting. These sediments may have been deposited
by small-scale sliding or creeping of the 1.86 m thick faulted unit, with the
scours showing erosion by the Levantine Intermediate Water.
Position of photographs within the core may be seen in Figure 6_9.
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Interpretation
We are confident in our interpretation of the event beds as bioclastic calciturbidites derived from
the steep trough margins, presumably as a result of seismically triggered slumps. If we assume the
minimum background sedimentation rate, then their frequency was 3 per 1000 years. However, if
the rate was similar to that in the Pantelleria Trough, then their frequency was more like 6 per 1000
years. Also, as for Site LC8, extensive reworking of the microfossils coupled with high rates of
sedimentation, suggest that the background sediments are hemipelagites augmented by muddy
contourites.
3.5 kHz Seismic Profiles
The seismic transect across the northern part of the Malta Trough reveals somewhat irregular,
steep-sided flanks characterised by slump/slide units and probable transparent, lenticular debrite
deposits. The trough fill consists mainly of multiple, strong, closely- spaced, sub-parallel reflectors,
with penetration through these strata of up to 80 m (Figure 69). This echofacies is very
characteristic of stacked sequences of thinly bedded turbidites (Jacobi & Hayes, 1993), which
corresponds well to the sediments described in core LC9. Deeper within the section, the reflectors
become much fainter, but are more widely spaced and may include some thick, transparent zones,
characteristic of basinwide megabeds.
5. Gateway Processes and Controls
Whereas different oceanic gateways will have their own unique geological and sediment record,
characterised by different scales or types of processes, there are also likely to be certain common
factors. The range of processes, the interaction between processes and the interplay of a variety of
controls, as demonstrated here for the Sicilian Gateway (Figure 6_11), are all features that we
suggest apply to other oceanic gateways. Selected aspects are discussed in greater detail in this
section.
5.7 Downslope processes and controls
Turbidites are present at both trough sites, being especially common in the Malta Trough (LC9),
but more or less completely absent at the two sill sites. The Malta Trough section is dominated by
bioclastic calciturbidites derived from the steep flanks and surrounding platform areas. 19 events are
noted, giving a frequency of between 3 and 6 per 1000 years, depending on the overall rate of
accumulation at this site, which is consistent with seismically triggered marginal collapse. Slides,:
slumps and possible debrites are evident on seismic profiles in base of flank locations in both
troughs.
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Figure 6_11. Diagramatic 3D representation of the sedimentary and physical processes in the
Central Mediterranean during the Pleistocene. See text for discussion on interactions and
controls of sediment distribution.
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The Pantelleria Trough turbidites are much less abundant, with one bioclastic, flank-derived,
calciturbidite, one volcaniclastic megabed (possible debrite-turbidite couplet that extends basinwide),
and two thin turbidite tephra beds. The megabed and one distinctive green-coloured tephra can be
directly linked to known volcanic events on Pantelleria Island, and hence dated at 35 ka and 45 ka
BP, respectively. The volcaniclastic input was mixed with shallow-water carbonate material prior to
emplacement.
The two principal controls on downslope deposition in the Sicilian Gateway are seismic and
volcanic activity, both associated with the particular tectonic setting along the Medina Wrench Zone
(Jongsma et al, 1987; Farrugia et al, 1989). Although the region has entered a time of relative
quiescence, the Pleistocene was a period of major collision between the African and Eurasian
tectonic plates, resulting in rotation and extension across the platform (lilies 1981; Winnock 1981;
Finetti 1984; Cello et al, 1985; Cello 1987; Boccaletti et al, 1987; amongst others). Seismic
activity would have been abundant and volcanism clearly associated with transtension and crustal
thinning.
Sea-level and climatic controls were of very secondary importance. Turbidite input does not
appear to correlate with sea-level, although better dating is required. The Pantelleria megabed event
did, coincidentally, occur during the last sea-level lowering, but was demonstrably related to volcanic
activity, in contrast to recently dated, low-stand megabeds from other parts of the Mediterranean
(Rothwell et al, 1998; Reeder et al, 1998, 1999). Most terrestrial material from Sicily is trapped on
the Gela foredeep and Adventure Bank of the Sicilian margin and that from North Africa within the
broad Tunisian platform to the south. Hence, climate-controlled terrigenous input is of relatively
little importance to the deep troughs. There may be an indirect control on the rate of primary
productivity across the Gateway platform, and hence increased rates of accumulation leading to
sediment instability. But this alone is not believed to have exercised major control on bioclastic
turbidite input.
5.2 Alongslope Processes and Controls
The evidence for contourites, as ever, is more subtle and complex than for turbidites, which are
readily recognised in core sections. Nevertheless, we are confident that bottom currents have played
an important role in gateway sedimentation for the following reasons.
(1) At the large (basin) scale, there are many oceanographic data that confirm the exchange of
water masses through the Sicilian Gateway and demonstrate an overflow of LIW across the deeper
parts of the region at the present day. Through the deepest and narrowest parts of the Malta and
Sicily Sills and along the linked basin system of the Medina Wrench Zone, bottom current flow is
likely to be most restricted and hence show the greatest velocity.
(2) At the medium (regional) scale, there is seismic evidence for contourite drift development, in
part caused by intense drift margin erosion, in the Sicily Channel across the Sill (Bowles et al, 1993;
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Marani et al, 1993). We suggest that some of the irregular gullies, mounds and bedforms present in
the vicinity of LC7, as well as those evident in the moat around the topographic high of LCIO, are
evidence of weak bottom current flow in these areas. It is more difficult to observe such seismic
evidence on the trough profiles recovered as these areas are dominated by downslope sedimentation.
However, sedimentation rates calculated for both trough sites show background figures (i.e.
excluding downslope deposits) of between 16 and 30 cm/ka. These rates, especially those at the
higher end, are unusually high for hemipelagic sedimentation (e.g. Stow & Tabrez, 1998). This is
evident when they are compared with average rates for the sill sites, which are between 2 and 6 cm/ka
(this study), and with a general figure for the eastern Mediterranean of 2-3 cm/ka (Reeder et ah,
1998; and Chapter 3). The relatively high rates of sedimentation in the trough site, therefore, must be
due to the presence of: (a) thin muddy turbidites that have been bioturbated beyond recognition; (b)
hemiturbidites (Stow & Wetzel, 1990) of which the composition is very similar to hemipelagites; or
(c) muddy contourites. We favour the last of these interpretations based on detailed analysis of the
cores (see below) and the complete absence of any remnant turbidite characteristics.
(3) At the small (core) scale, there are a number of features that imply a significant contourite
contribution to the sediments (cf. Stow et al., 1986, 1996). The trough sites both show extensive
reworking of the nannofossil and foraminiferal assemblages, coupled with minor scours, infrequent
discontinuous lamination and lenticular, coarse-grained concentrations in an otherwise bioturbated
sediment. Bottom photographs from the Malta Trough (Maldonado & Stanley, 1976) support the
present day activity of bottom currents along the trough floor. The grain-size fluctuation through the
bioturbated muddy sediment in core LC7 (Sicily Sill region) are very typical of muddy-silty
contourites. Interpretation of the foraminiferal sand bed within this section is equivocal; however, it
may represent a winnowed sandy contourite.
The principal controls on alongslope sedimentation in the Sicilian Gateway are tectonics,
physiography and climate. The tectonic setting has lead directly to a particular gateway physiography
between east and west Mediterranean basins, including sill channels and the narrow, interconnected,
trough system of the Medina Wrench Zone. This favours intensification of bottom-water flow
through the gateway. The physiographically compartmentalised Mediterranean marginal sea together
with a regional climate that allows evaporation to exceed precipitation in the east, has led to the
formation and exchange of water masses across the gateway. Variation in climate and sea-level over
the late Quaternary period may have influenced the nature of bottom flow, that is its intensity and
direction (Stanley et al., 1975). This has not been specifically investigated in the present study.
In most cases, bottom currents have influenced to a greater or lesser extent the normal background
or hemipelagic sedimentation. Sediment supply for both the bottom currents and for hemipelagic
settling has been from a variety of sources including: bottom current transport from the eastern
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Mediterranean; bottom current erosion from sills and from trough margins; continental input and
slow lateral advection of hemipelagic material through the water column; flow reflection and flow
lofting from turbidity currents; and primary productivity of biogenic material at the surface. Spatial
and temporal variation in any one of these supply factors will have affected the rate of accumulation
of both contourites and hemipelagites.
We noted above that the high rates of background sedimentation in the trough sites were most
likely the result of a significant proportion of muddy contourites, in other words, the strong
interaction between bottom current and hemipelagic processes. We propose here that this is, in part,
the result of bottom current interaction with topography in the Sicilian Gateway via a mechanism we
call 'flow lofting in bottom currents' (Figure 6_12). This is closely analogous to the flow lofting in
turbidity currents that can give rise to hemiturbidite deposits (Sparks et al, 1993; Stow & Wetzel,
1990). In this case, the LIW bottom current is charged with sediment, partly derived from erosion at
the Malta Sill, as it enters the Malta Trough. Some direct deposition from this bottom nepheloid
layer takes place onto the trough floors. As the bottom current rises to cross the sills between
troughs, there is a greater flow disturbance, eddying and upward mixing with the overlying water
mass, the MAW. Some of the sediment load (or nepheloid layer) is lost to the MAW and so returns
to the basin to mix and settle with the background hemipelagic material.
Although there is clear evidence for bottom current interaction with hemipelagic sedimentation in
the trough sites, there is little direct evidence for bottom current influence on the trough turbidites.
Further detailed study might elucidate a more subtle interaction. However, the single sandy turbidite
from the western sill site (LC7) shows a marked absence of any fine-grained upper divisions, despite
its relatively distal, overbank location. It also occurs within a section that we interpret as influenced
by bottom currents and at a point which would have been affected by the highest bottom current
velocities noted in this core. It therefore seems likely that the absence of the silt-mud turbidite cap is
due to removal of turbidity current fines by the prevailing bottom current (Figure 613).
Finally, on leaving the Sicilian Gateway, the LIW flows down the Sardinian Rise and into the
Tyrrhenian Sea (Marani et al, 1993; Moretti et al., 1993; Astraldi et al., 1996). Deep seismic
evidence presented by Marani et al. (1993) shows that this current has deposited thick contourite drift
accumulations on the flanks of the islands of Corsica, Elba and northern Sicily, displaying mounded
and plastered contourite bodies {sensu Faugeres & Stow, 1993). The present study area did not
include the Gateway exit region, but further study of this region will undoubtedly yield much
evidence for bottom current erosion, sculpting and deposition (cf. the Gulf of Cadiz at the exit of the
Gibraltar Gateway, Nelson & Maldonado, 1999; amongst others).
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5.3 Hemipelagic and volcaniclastic 'background' sedimentation
The background sedimentation in any area is generally taken as the pelagic and hemipelagic
accumulation that occurs in-between any specific event deposits. In the case of the Sicilian Gateway,
there is sufficient silty terrigenous material present to use the term hemipelagic rather than pelagic
(Stow & Tabrez, 1998). Both sill sites comprise over 95 % and the trough sites between 40-50 %
background sediments. However, at the level of the sediment it is difficult to distinguish between
that which has been deposited solely by hemipelagic advection and that which has been influenced
by bottom currents (see section 5.2 above). Indirect evidence suggests that most of Site LCIO (Malta
Sill) and a relatively large proportion (>50 %) of Site LC7 (Sicily Sill) is hemipelagite, whereas the
larger proportion (>50 %) of background sediment at both trough sites (LC8 and 9) is muddy
contourite. There are also interbedded sapropels (discussed below, section 5.4) and airfall tephra
deposits in some of the cores studied.
The principal control on hemipelagic sedimentation is sediment supply to the surface waters via
river plumes, aeolian transport, ocean currents, and primary biological productivity. Additional
supply comes from sediment stirring across the shelf by storms, internal tides and waves, and the
benthic activity of organisms. Both the volume and nature of sediment supplied in this way is, in
turn, controlled by climate. The cyclicity observed in sediment colour (type) at both sill sites is most
likely a Milankovitch climate signal.
Climatic control on background sediment distribution is seen in the form of the easterly prevailing
winds. The winds transport any airborne volcanic ash or aeolian dust across the platform and
towards the eastern Mediterranean. This accounts for the absence of tephra in core LC7 to the west
of the Sicilian-Tunisian Platform, as there are no emergent volcanoes to the west of that core station.
The- stratigraphic record of tephra in the Mediterranean is most complete in the eastern
Mediterranean, indicating that the prevailing winds have been from the west for at least the past 250
ka (Keller et al., 1978). The volcanic activity of the central Mediterranean region is recorded in three
of the four cores studied, all to the east of the main volcanic centres. The undisturbed, slowly
accumulated sediments of LCIO on the Malta Sill contain 8 tephra layers, whereas cores LC8 and
LC9 from the troughs have one and four respectively. The dated layers of LCIO are believed to be
from Etna (event X4, after Keller et al., 1978), the Eolian islands (X3) and the Roman/Campanian
provinces (X5, X6 and X2). These volcanic accumulations do not greatly effect the volumetric input
into the basins or the accumulation rate on the sills, but are important as indicators of volcanic
activity in the region as well as being key stratigraphic marker horizons.
The Sirocco winds (or 'Blood Rains') of the central Mediterranean are known to disperse red
desert dust over the region, which is transported further eastwards by the fast flowing Atlantic Water
(Tomadin 1981; Tomadin et al., 1984). Aeolian grains have been recorded in the Pantelleria Trough
(Colantoni et al., 1993) and the clay mineralogical signature (high kaolinite) is present throughout
the Mediterranean (Venkatarathnam & Ryan, 1971).
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5.4 Sapropel Formation
One very important consequence of the Sicilian-Tunisian Platform is its role as a geological-
oceanographic barrier, rather than as a gateway for water mass exchange. The Mediterranean Sea is
compartmentalised by the Sicilian-Tunisian Platform into eastern and western basins, which show
significant differences in evolution and sedimentation. Other physiographic barriers serve to
separate off the Adriatic and Black Seas from the eastern Mediterranean and, to a lesser extent, the
Tyrrhenian Sea between the east and west basins. Study of sapropel layers in the eastern
Mediterranean has shown how the action of the Sicilian-Tunisian Platform as a barrier to water
exchange has completely and catastrophically altered the geostrophic circulation and dominant
sedimentation processes on at least twelve separate occasions in the past half million years. Several
examples of this, the sapropels, are seen in core LCIO from the Malta Sill, thereby delineating a
significant change in environmental conditions in the distance between cores LC9 and LCIO.
Sapropel layers throughout the eastern Mediterranean record periods when the gateway
essentially closed, resulting in starvation of oxygen at the bottom of the water column (Hilgen 1991).
Sapropels and sapropelic layers are notable by their absence in the central and western
Mediterranean, with core site LCIO delineating the approximate westerly cut-off point of anoxia.
This suggests that the sea floor within the deep troughs was sufficiently ventilated in order to prevent
water column stratification and deposition of sapropels (Figure 614), presumably because the Sicily
Sill was more open to water exchange than the Malta Sill. During the 12 periods of sapropel
formation the water column became stratified, allowing little or no current circulation in the eastern
Mediterranean (Bethoux 1993; Higgs et al, 1994; Rohling 1994; Aksu et al, 1995). Stanley et al
(1975) and Maldonado & Stanley, (1976) noted this geographical cut-off between sapropel formation
on the eastern sill and ventilation on the platform, proposing that the major water exchange seen
today was reversed during sapropel formation.
Certain of the known sapropels are absent from core LCIO, based on our analysis of the tephra
chronology and microfossil biostratigraphy. Event SI is widely recognised across the eastern
Mediterranean and may be within the uncored 50 cm of sediment at the top of the core. However,
Sapropels S2, S3, S7, S8 and S9 were not seen within the stratigraphy of LCIO. There is no evidence
for marked erosion by turbidity currents or bottom currents at this site, so their absence must be due
to either non-deposition or a much reduced thickness and complete dispersal by bioturbation. Either
case would support the contention that the bottom water anoxia that led to sapropel formation
extended to different levels within the water column of the eastern Mediterranean for different
sapropel events. The elevation of LCIO at 1322 m has meant that it was within the bottom anoxic
layer for six or seven out the twelve events. The others were not so extensively developed.
Page 6-33-13JBM 3jmp3UI.l3JUl/d33p A"UB
jo soussqB sqj oj anp 'uoijosjip jsjbm soBjans sqj jo [BSJ3A3j guisodcud (g/,61) 70 ^
qjiM 'p3]B[pu3A paureoiai sq8noij BiasusjuBj puB bj[bj/^ aqj jo ^jjam^m^q aadaap
SJU3A3
Diqoi3BUB sqi J.0 jiBq JSB3[ jb Suijnp uoijBogqBJjs jsjbm ^q pspsjjB sbm XjjsuiXqjBq siip
SupBOipui '(ui 33i) 0131 3-IO3 jo XqdBjSpaeis 3qj uiqjiM jusssad sjb sjusas uoijbuuoj
9 JSB31 jB 'J3A3M0H (lüS ^IPIS 3lU J Mldap jjo-jno) uisbq ujsjsBg aqj ui
qidsp J3JBM ui 0001 1SB915B oi uiun[O3 isjbm aq) jo uoijB[pu3A SupssSSns 'U
UiqjiM JO tUiOJJBlJ UBlSlunx-UBIJlOIS 3qj UO U33S JOU SI UOIJBUIJOJ
UOIJBUIJOJ [SdOidBg UB3UBXI3Jip3JAJ OJ ÄIBpunoq UJ31S3M
sqj pus sSuBqoxs-ssBui J3JBM oj laixreq b sb uuojjb[(J UBisiunx-ireiipis sqx 'fl~9
ou) uuinjoa
6S pue 8S 'is 'es
'ZS J asuasqB qjiAV
BIXOUB JBIJJBJ
qänojqj
BIXOUB
I
I
3Chapter 6- Sedimentation in the central mediterranean
6. Summary
1) The Sicilian-Tunisian Platform acts as a partial topographic barrier between the eastern and
western Mediterranean basins. It is cut by a series of deep (> 1000 m), interconnected, fault-
abound troughs. These are linked with valleys incised into the shallow Malta and Sicily sills at
either end of the platform.
2) We refer to this narrow passageway as the Sicilian Gateway as it controls the exchange of water
masses between the eastern and western basins. LIW, formed by evaporation and sinking in the
Levantine Sea, is channelled through the deep troughs, and is replaced by a surface flow of
MAW. Flow velocity of the bottom current is enhanced by the restricted topography, while
interaction with local topographic barriers leads to flow disturbance and enhanced mixing with
the overlying water mass. Upward mixing of the bottom nepheloid thereby occurs in a process
we call bottom current flow lofting.
3) Sedimentation in the Sicilian Gateway troughs is characterised by downslope gravity flows,
resulting from frequent volcanic and seismic activity on their flanks that displace platform
carbonates and/or volcanic debris, and by high rates of hemipelagic/contourite accumulation (16-
30 cm/ka). These rates are augmented by the lofting process described above. The Malta and
Sicily Sill sites cored show mainly slow (2-5 cm/ka) hemipelagic sedimentation, being
influenced by bottom currents in the west and by basin stagnation and associated sapropel
formation in the east. The sill valleys (not cored) might be expected to show more evidence of
bottom current scouring and erosion. Airborne volcanic tephra as well as Saharan dust is
dispersed towards the east by the prevailing winds.
4) This complex sedimentation pattern can be shown to have been influenced by the interaction of
volcanic, seismic, topographic, sea-level and climatic controls. The interaction of bottom current
processes with both turbidity currents and hemipelagic settling is also evident.
5) During its Pleistocene history the Sicilian Gateway has periodically acted as a barrier to water
exchange, principally during times of lowered sea-level. This has led to progressive starvation of
oxygen from the bottom of the water column and hence to the accumulation of a series of
sapropel layers. The Malta Sill represents approximately the western cut-off point for the
;; development of bottom-water anoxia and sapropel deposition, as shown by the occurrence in
core LCIO of only six or seven out of twelve sapropel events.
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6) This study of the Sicilian Gateway is of general relevance to other gateway regions throughout
the world's oceans.
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7.0 Introduction to this Chapter
This chapter raises and discusses pertinent points concerning the papers and other work presented
in the previous six chapters. The discussion has been structured into two principle sections
synthesising key points noted in the research of the two study regions and concentrating on
megaturbidites and mega-turbidity current processes and late Quaternary regional sedimentology.
Part I- Megaturbidites and Megabeds
The first part of the chapter concerns a synthesis of two megaturbidite/megabeds present in the
MD81 cruise cores. Emphasis is on the characteristics of megaturbidites and mega-turbidity
currents, using an approach that discusses nomenclature, occurrence, geometry, triggering and their
direct association with other large-scale events.
The megaturbidite of the Herodotus Basin (Chapters 3 and 4) and the megabed of the Pantelleria
Trough (Chapter 6) are used to illustrate characteristic features of these enormous gravity flows.
This extensive section concludes with an attempt to establish the first classification of the many
-examples of megaturbidites cited in the literature, based on both their modes of deposition and their
association with underlying megabeds.:
Part II- Regional Synthesis
Part II presents a brief regional synthesis of the Eastern and Central Mediterranean as noted
during the Marion Dufresne 81 cruise. Points of note, additional to those presented in Chapters 2 to
6, are discussed and the controls, physiography and sedimentology of the two regions are compared
and contrasted.
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Part I: Megaturbidites and Megabeds
This thesis has focused on the late Quaternary sedimentology of the Herodotus Basin of the
Eastern Mediterranean and the Sicilian-Tunisian Platform of the Central Mediterranean, with primary
interest concentrated on the deposits emplaced by turbulent gravity flows (turbidites, see Chapter 1).
One distinguishing factor of the cores studied from the Herodotus Basin and the Pantelleria Trough is
the presence of individually thicker and more laterally extensive turbidites, introduced in Chapters 3
and 4 as the Herodotus Basin Megaturbidite (HBM) and in Chapter 6 as the Pantelleria Trough
Megabed. The following section presents a discussion on the nomenclature, characteristics,
occurrence, geometry, association with other sub-aqueous downslope mass movements, triggering
and flow characteristics, and concludes with a classification of megaturbidites and megabeds. There
will be some overlap in this chapter with the discussion presented in Chapter 4 for the HBM,
particularly concerning the triggering of megaturbidites and the nomenclature of such deposits.
7.1 Megaturbidites and Megabeds: An Overview and Note on Nomenclature
7.1.1 Megaturbidites
The term 'megaturbidite' was introduced in an abstract presented at the 9th Meeting of the French
Association of Sedimentologists in Paris by Mutti and co-authors in 1979, (reported by Bouma 1987).
It was used to describe a large-scale deposit that was transported in a turbulent fashion in a flow that
can be considered to be identical to a standard turbidity current, albeit at a larger scale (see Chapter
1). Prior to this time, megaturbidites had been recognised frequently in both the modern-ocean and
ancient geological records, but such nomenclature as 'megabed,' 'big bed,' and 'large resedimented
deposit' was used to describe these large, mass-flow deposits. The first of such was the Vernasso
'complex layer' from the Eocene Friuli Flysch in NE Italy, which is a >200 m thick, graded
sedimentary deposit, part of which shows the textural characteristics of a turbidite (Gnaccolini 1968).
During the 198O's the petroleum industry became increasingly aware of the importance of
megaturbidites as they often form traceable chronostratigraphic marker beds across the basin, are
excellent stratigraphic marker beds and, where they comprise sandy basal fractions and are associated
with similar horizons, they may become potential hydrocarbon reservoirs (Doyle, 1987). The term
'megaturbidite' now dominates the literature and more detailed cases of megaturbidite deposits have
been described, although several authors have attempted to use additional terminology to indicate the
depositional process or features of the deposit.
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7.1.2 Megabeds
Trie rffige'af different processes and events that are included in this blanket term describe
prominent beds within deep-water (predominantly turbidite-dominated) successions (Ricci Lucchi &
Valmori, 1980) and with exceptionally large thickness (Rupke 1976). 'Megabed' can be used to
describe the deposit from any large-scale mass movement or resedimentation event such as creep
flows, debris flows, rock avalanches, slumps, slides, olistostromes, and megaturbidites, and any
combination of these events (Mulder & Cochonat, 1996, see Figure 1_8). The depositional
mechanisms include elastic, plastic (liquefied, grain and fluidised flow), gravity and turbulent
transport events (Middleton & Hampton, 1973; Nardin et al, 1979; Lowe 1979; 1982).
Megaturbidites are often described within the megabed blanket term as they frequently form the
stratigraphically upper-most division of the deposit (see Section 7.2). However, both terms are
distinct, as megabeds do not necessarily contain megaturbidite divisions. Megabeds are generally
polymict in their composition, although if the event is localised, dominant carbonate, siliciclastic and
volcaniclastic megabeds may be deposited. For the most part, they represent resedimentation of a
large area and significant age-span from the local sedimentological depositional regime and can
therefore encompass a large variety of sediments from both shallow and deep marine environments.
This present study only includes megabeds that have structures and textures that allow them to be
interpreted as a megaturbidites.
7.1.3 Seismites, Homogenites and Unifites
The origin of megaturbidites may be due to one of several causes, specific to each location being
considered. The term 'megaturbidite' does not take into consideration the triggering mechanism by
which the bed was emplaced, solely the inferred scale of its geometry. Since the term was
introduced, other nomenclature has been used to indicate the possible mode of deposition or imply a
specific triggering mechanism.
The first documented occurrences and visual recording of deep marine turbidity currents were
those described by Heezen & Ewing (1952; 1955) caused by earthquakes on the Grand Banks
(Newfoundland) and Orleansville (Algerian) continental margins. These were extraordinarily large
events that caused structural damage to communication cables, thereby allowing calculations to be
made on flow geometries and velocities (Figure 7_1). However, such turbidity currents have been
rarely witnessed and for the majority of turbidites in the geological record the triggering mechanism
cannot be determined. Specific triggers cannot be assigned with confidence to turbidites suggesting
that any further nomenclature relating to process or triggering be treated with caution.
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Figure 7_1. Location of the 1929, RS7.2 earthquake on the Newfoundland continental margin
(Grand Banks, after Heezen & Ewing, 1952)
The shock initiated a large slump and turbidite that travelled downslope on to the Sohm
Abyssal Plain, breaking and burying communication cables en route. Reported in 1952 by
Heezen and co-workers, this was one of the first deep-marine turbidity flows recorded in
nature, explaining the presence of terrigenous sands and muds in the deep-sea.
The North-western Boundary Current was proposed by Piper & Aksu (1991) to have removed
much of the finer-grained fraction of the flow during deposition of the megaturbidite.
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'Seismites' or 'Seismoturbidites' were introduced by Mutti et al. (1984), using earthquakes as a
qualifying trigger for certain turbidity flows. The 1929 Grand Banks megaturbidite is one of only a
few large-scale deposits known to have been triggered by a seismic shock and could therefore be
deemed a megaturbidite 'Seismite.' However, since there is little or no difference in texture,
composition or structure between a 'standard' turbidite and a 'Seismite,' other than the proposed
triggering mechanism, the distinction is impracticable. Furthermore, most turbidite workers would
concur that a seismic trigger is the dominant cause of turbidity currents in general. Although Mutti et
al. (1984) stated that the term does not imply that all turbidites in the studied basin are caused from
seismic shock, this term unfortunately indicates otherwise. 'Seismoturbidites' were devised to
'emphasise their origin, denote areas of palaeoseismicity and to denote basins that cannibalise their
margins through resedimentation processes' (Mutti et al, 1984). However, there is no evidence
whether any ancient turbidite in a basin was or was not emplaced as result from an earthquake and
this supposition can only be supported from the inferred physiographic setting.
'Unifites' were formally introduced by Huang & Stanley (1978) as resedimented units consisting
of silt or silty-clay and either a homogeneous or faintly laminated structure. Consisting of
approximately 1% sand, 'Unifites' are source-specific, in that they are derived from shallow water
and are transported down a cascade of slope basins that strip out the coarse sediment fraction (Stanley
1981; Feldhausen et al, 1981). They have a resemblance to the textural and structural characteristics
of Bouma turbidite division Te and are distinguished from 'background' hemipelagic deposits by the
absence of bioturbation, high terrigenous content and lack of foraminifera (Stanley 1981).
'Unifites' do not imply a triggering mechanism but are believed to be deposited by either low-
density turbidity flows, hyper-concentrated flows or from interaction with well-developed water mass
stratification, forming the uniform and laminated textures (Stanley & Maldonado, 1981; Jones 1988)
(Figure 72). The deposits are generally thick, but only comprise a volume of 0.5 to 1 km3 (Stanley
1977). The reason for this is the characteristic deposition into areally small slope basins and troughs,
rather than large abyssal plains. If deposited on a larger plain, the deposits might only realise 1 cm
thickness over the entire basin (Rothwell 1994).
'Homogenites', however, are defined as specific sedimentary units formed by the remobilisation
of sediments as a direct result from a tsunami wave or waves (Cita et al, 1984b; Heike 1984).
However, the nomenclature does not directly imply this depositional method nor the triggering
mechanism (i.e., as would 'Tsunamiite'), solely the sedimentary textures and lack of structures.
Further, 'Homogenite' deposits must exist elsewhere in the geological record (other than the Eastern
Mediterranean basin, see Chapter 2; Figure 2_1) but it is almost impossible to distinguish them from
similar, mud turbidites.
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Figure 7_2. Depositional models for the tsunami-induced Homogenite and
the muddy, parallel-laminated Unifite of the Eastern Mediterranean
(adapted from Cita etal, 1984; 1996 and Stanley 1981).
A) The Homogenite
i) Local sedimentation from pelagic sediment dominated topographic highs,
giving the thinner deposits and grain-size profile seen left.
ii) Tsunami waves impact on the North African margin, creating instability
and leading to turbulent resedimentation in the Sirte Abyssal Plain and
Herodotus Trough. The Homogenite is generally thicker and coarser
grained in the Southern Trough Complex, (see Figure 2_1).
B) The Unifite
Stripping of the sand fraction in small shelf/slope basins resulting in
predominant mud deposition in the Hellenic Trench.
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Coincidentally, the Eastern Mediterranean example is the only recorded case, although the impact
and tsunami triggered megaturbidite noted in the late Maastrichtian Cuban stratigraphic record might
be a possible candidate (Iturralde-Vinent, 1992). 'Homogenites' comprise solely homogeneous mud
with no silt or sand fraction, and mineralogically and palaeontologically resemble the pelagic
sediments cored on the surrounding topographic highs (Kastens & Cita, 1981). The depositional
mechanisms suggested for the 'Homogenite' by Kastens & Cita, (1981) and Cita et al. (1984b) are
shown Figure 7_2, but because of the general absence of recorded examples the term is deemed
almost instantly redundant. Furthermore, the process is entirely inferred and has not been observed in
nature and the Eastern Mediterranean 'Homogenite' is only interpreted as the result of a tsunami
wave impact by these authors. Their interpretation may be erroneous.
Notwithstanding terminology, the depositional characteristics and geometry of these enormous
resedimented units are fairly similar, although the resulting textures of the deposits vary extensively
for each reported example. The common factor is that all processes describe the emplacement, and
hence displacement, of exceptional thicknesses and volumes of sediment, which generally dominate
the local stratigraphy or basin fill. A product of geologically instantaneous catastrophic instability on
the basin margin, they are laterally extensive, anomalously large sedimentary units deposited in a
single turbulent mass wasting event.
7.1.4 Comments from this study
It is very important that the confusion in terminology is cleared up. In brief, this study proposes
the following definition and usage.
a) Megaturbidite- a generic term that describes a thick or large-volume graded sedimentary unit that
was deposited by a turbidity current. A classification of different megaturbidites and megabeds is
discussed in Section 7.10.
b) Megabed- a non-generic term that may include very big, thick units and beds for which the
depositional process is a combination of discrete units or is unclear. The term should not include
any deposit that may be interpreted as a megaturbidite but may include composite
slide/debrite/turbidite deposits. This topic is discussed further in Section 7.2.
c) Seismite and Seismoturbidite- are generic terms that describe turbidites that are triggered by
seismic activity. These terms should be discontinued instantly because they would undoubtedly
describe a very high proportion of turbidites seen in the sedimentological record, and to which the
term 'turbidite' would suffice.
d) Vniflte and Homogenite- are purely descriptive terms for big, thick, featureless beds. However,
usage of these terms has now been tied to processes that are very debatable. It is therefore
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Figure 7_3. The association of megabeds and megaturbidites and their relationship to basin setting.
a) Flow characteristics and evolution of a megaturbidite from an initial slide or slump on the
continental margin (adapted from Mulder & Cochonat, 1996).
b) The 'idealised sequence' of megaturbidite/megabed association and the basin setting required to see
such a relationship. In the unconfined basin setting the turbidite is more likely to be deposited in the
basin plain lOO's km from source. However, in the tectonically confined basin setting, the megabed
flow may be ponded by the topography creating a complete 'idealised sequence'.
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7.3 Characteristics of Megaturbidites and Megabeds
7.3.1 Sedimentological Characteristics
Seen in core and outcrop sections, megabeds and megaturbidites will be recognised initially by
their thickness and dominance of the local stratigraphy. Tracing of the events in additional cores or
other cliff sections normally demonstrates that these thick horizons cover a large area and are hence a
deposit of anomalously large volume in comparison to the background sedimentary fill of the basin
(Figure 74). Megaturbidites and megabeds may be derived from the same source as the dominant
basin fill but are commonly easily distinguished from the dominant fill, by being sourced from
another region or as an amalgamation of two or more sources. Transport may be over very different
distances and sediment assemblages may differ from those of associated turbidites.
Megaturbidites are identified as transported by turbidity currents by their characteristic
sedimentary textures and structures (see Figure 18). A uniform coloration and lack of bedding
within the unit will generally demonstrate that the deposit was emplaced in one single event. An
overall normal grading of the unit, for example from a coarse sand to a fine mud, shows mechanical
sorting flow instability, and grain-size fluctuation is typical in some showing a waxing and waning of
flow. Additionally, sedimentary structures such as massive divisions, cross- and parallel lamination
and convolute laminae may be recognised exhibiting the characteristics of the Bouma (1962) and/or
Stow (1977; Stow & Piper, 1984) turbidite facies models. The distinctive sequences show deposition
of silts and muds from low-medium density turbidity currents whilst other structures, such as
essentially massive sands with minimal grading and water escape 'dishes' and 'pillars,' demonstrate
emplacement from a high-density flow (Lowe 1979; 1982; see Figure 1_8). Structural divisions are
typically thicker in comparison with medium and thin bedded turbidites, and the repetition of
divisions is typical of some megaturbidites.
Megabeds may contain a thick turbidite sequence but also include underlying sediments that have
sedimentary structures and textures common in debrites and slumps/slides (see Figures 1_7 and 7_4).
7.3.2 Seismic Profile Characteristics
Subsurface seismic imaging of the sea floor by 3.5 kHz high-resolution profilers quite commonly
show acoustically transparent layers (ATLs) that may be related to relatively recent megaturbidites or
other megabeds, (Figure 7_5). Examples have been reported from the Herodotus Basin in the SE
Mediterranean (Chapters 3 and 4), the Pantelleria Trough Megabed (Chapter 6), the Balearic Abyssal
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Ancient Rock Megabeds/Megaturbidites
- The Gordo Megabed
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Basin Plain Outer Fan Lobe Outer Fan Lobe Outer Fan Lobe
1
Lower Slope
UNIT I: Matrix supported conglomerate with huge clasts (upto 60 m diameter).
Approximate inverse grading of unit
- Debris Flow
UNIT II: Pebble conglomerate filling the irregular topography of Unit I. Gradual
transition between I and II
- High Density Turbidity Current/Debris Flow
UNIT III: Normally-graded sandstone with some turbidite structures (ripple and
parallel lamination)
- Turbidity Current
UNIT IV: Normally-graded siltstone, gradational from Unit III. Some lamination
and bioturbation at the upper surface
- Waning Turbidity Current
NNE
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(andflow
direction)
Figure 7_4. The Gordo Megabed of SE Spain as an example of an ancient megabed with a
megaturbidite top (adapted from Kleverlaan 1987). The photograph shows its dominance of the local
stratigraphy and the section demonstrates its anomalous large thickness across the Tabernas Basin
(location 2 photographed). The Tortonian megabed is hypothesised by Kleverlaan (1987) to have
been triggered by a seismic shock. Exposure of the megabed is disjointed throughout the basin
making calculation of its volume very tenuous (see Figure 7_7 for site locations).
(Photo courtesy ofVikki Gunn, SOES)
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Figure 7_5. Four 3.5 kHz seismic profiles from the Marion Dufresne cruise 81 showing the
presence of megaturbidites.
Seen as Acoustically Transparent Layers (ATLs), confirmed later by coring the sediments.
The ATLs can be traced from many lOO's of kilometres, allowing fairly accurate calculation
of volumes for each event The HBM and the Pantelleria Trough Megabed are discussed
further in Chapters 3, 4 and 6, the Homogenite is presented in Chapters 1 and 7 and details
of the Balearic Abyssal Plain Megabed may be found in Rothwell et at (1998).
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Plain of the Western Mediterranean (Rothwell et ah, 1998), the Homogenite in the Sirte Abyssal
Plain and Herodotus Trough (this study, Chapter 2), the Mississippi megabed of the Gulf of Mexico
(Doyle 1987) and the Canary Debris slide on the NW African margin (Masson et al, 1992).
: It is very difficult, if not impossible, to determine the exact nature of the acoustically transparent
layer without core evidence confirming whether the deposit is a megaturbidite or otherwise. Once
defined, the horizons may be mapped on the shallow seismic profiles for many kilometres, aiding the
calculation of areal and volumetric calculations for the bed (see Chapter 4). The ATLs of
megaturbidites are predominantly related to the homogeneous, fine-grained fraction of the turbidite,
with the stronger seismic reflection occurring within the coarser basal sands. With such good ATL
control on the positioning of the megaturbidite, such factors as the geometry of the deposits and the
relationship between the deposit and seafloor topography may be resolved (see below).
The characteristic seismic definition of a megabed may vary to that of a megaturbidite.
Characteristics of seismic profiles from megabeds are dependent on the nature of the sediment, which
in turn relates to the processes of deposition and transport distance. Whereas megaturbidites
generally have a tabular ATL due to longer run-out distances and sorting of the sediment, a megabed
may show a lenticular geometry either with some degree of acoustic transparency or chaotic internal
form. Additionally, they are commonly located at the base of continental slopes or within slope
basins.
7.3.3 Comments from this study
Features of the megaturbidite and megabed from this study (Herodotus Basin and Pantelleria
Trough) include:
a) grain-size and sediment structure changes in the Herodotus Basin Megaturbidite, with some
repetition of structural divisions,
b) overall clear sand to mud grading in both the HBM and the turbidite fraction of the Pantelleria
Trough Megabedf
c) down-current decrease in sand division thickness of the HBM,
d) uniform acoustically transparent layer of the HBM but an ATL and underlying chaotic, strong
reflector of the Pantelleria Trough Megabed. The ATL portion of the Pantelleria Trough Megabed
is correlated in depth to the turbidite portion only.
7.4 Occurrence of Megaturbidites and Megabeds
The prerequisites for mega-turbidity and megabed flows are three-fold. Firstly, there must be a
large sedimentary accumulation available for redeposition. Secondly, that mass must be in a
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potentially unstable setting and lastly, there must be some triggering mechanism to initiate the
terminal collapse of the sediment mass. Hence, the most common locations for occurrence of
megaturbidites are near steep and/or tectonically active continental margins and adjacent to areas of
high sedimentary accumulation rates (with respect to both ancient and modern records). Table 1_\
shows details of all modern ocean and ancient megaturbidites reported in the literature, as found by
the present author. That search revealed that occurrences range in age from the Cambrian Cow Head
Group deposits of the Newfoundland (Hiscott & James, 1985) to the 1929 deposit emplaced on the
Sohm Abyssal Plain, (Heezen & Ewing, 1952; Piper & Aksu, 1987).
7.4.1 Occurrence in the Modern Ocean Record
Since the very beginning of Leg 1 of the Deep Sea Drilling Project (DSDP) in 1968, deep-sea
coring expeditions have uncovered thick accumulations of turbiditic mud, silt and sand (Ewing,
Worzel et al, 1969; Beall & Fischer, 1969). These locations were summarised recently by Rothwell
(1994 unpublished PhD) and are shown in Figure 7_6. Initially, stratigraphers regarded their
occurrence as "noise" and an impedance to recovery of the complete pelagic sequence, remarking
with the acronym "SOS" or "Same Old Stuff (Kelts & Arthur, 1981). Their occurrence was only
reported in passing until developments in coring techniques led to the recognition of the Bouma
(1962), and later the Stow (1977), Piper (1978) and Lowe (1979; 1982) turbidite sedimentary
structures (Figure 1_8). It was evident that the same process deposited these sediments as the more
common, thinner deposits seen in onshore rock sections. Hence, the very thick graded sands and
muds demonstrated that a single turbidite could be very thick, cover large areas and be deposited a
long distance from the continental margin. This was particularly true on basin plains where turbidity
currents were interpreted as travelling huge distances, for example 500 km on both the Gulf of
Mexico (Ewing, Worzel et al, 1969) and the Demerara Abyssal Plain (Bader, Gerard et al, 1970).
Not until systematic close coring was introduced was the areal and volumetric extent of these deposits
realised. With increasing coverage and penetration of the deep-sea basins and abyssal plains the
frequency and recognition of these huge events is increasing, and their importance to deep-sea
sedimentation realised.
Presently, the occurrence of these large catastrophic events has been noted as an important
sedimentary process, especially when it can be estimated that over 50 % of the mud found on the
deep ocean had been deposited by turbidity currents (Piper 1978).
7.4.2 Occurrence in the Ancient Record
Examples from the 'ancient' record are considered here to be those exposed in rock outcrops on
land, the youngest of which is the Gordo Megabed from the Tabernas Basin of SE Spain,
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Position ofDSDP and ODP cored thick, homogeneous
muds and worldwide exposure of megaturbidites
Modern ocean (alpha) and ancient rock (numeric)
locations of megaturbidites described in the literature
m
I
11
III
iv
V
vi
Vll
viii
Location
Mediterranean
Cape Verde Rise
Bermuda Rise
Biscay Abyssal Plain
Indus Fan
Angola Basin
Mississippi Fan
Lau Back-arc Basin
DSDP SITES
121, 124, 127, 131,374,378
368
386, 387
400A
221
530, 530B
615
834, 835
Figure 7_6. Location of megaturbidites and thick homogeneous muds noted in the literature. The map of the
World shows the regions of Ocean Drilling Program and Deep Sea Drilling Project studies where thick muds
have been described but not elaborated upon (locations and table adapted from Rothwell 1994). Ancient
megaturbidites are indicated on each map by numbers approximating their position in geologic history
(highest number equates to oldest deposit). Modern ocean megaturbidites are delineated by letters, with
stratigraphic position shown in alphabetical order (where dates are reported).
References and details for each event may be found in Table 7_1.
Modern Ocean Megaturbidites
\= Grand Banks Megabed
B= Homogenite
C= Madeira A.P Turbidite F
D= Black Shell Turbidite
E= Horeshoe A.P Megaturbidite H13
F= Balearic A.P Megabed
(= Cascadia Channel
H= Herodotus Basin Megaturbidite
l= I'an I ill criii Trough Megabed
.1= Mississippi Megabed
K= Madeira A.P Turbidite F
K= Exunia Sound
M= Puerto Rico Trench
\= Angola Basin
Ancient Rock Megaturbidites
l= Gordo Megabed
2= Turrito Layer
3= Doumsan Megabed
4= Contessa Megabed
5= Cervarola & Falterana Fms
6= Orlando Megabed
7= Dalmatian Megaturbidites
8= Taveyannaz Sandstones
9= Gres d'Annot Sandstones
10= Hecho Megabeds
11= Sivas Basin
12= Cuban Megaturbidites
13= Missaglia Megabed
14= Maulcon Flysch Megabeds
15= Basco-Beanaise Megabeds
16= Delaware Basin
17= Empozada Fm Megaturbidite
18= Cowhead Group
19= Sekwi Formation
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(Kleverlaan 1987; Figure 7_4). This event is dated at approximately 8-10 Ma before present
(Tortonian) and is representative of the megaturbidite/megabed descriptions from regions where there
has been a significant amount of uplift and tectonic activity.
\ The original 'Megaturbidite' was described from the ancient sedimentary sequences of the north
central Apennines of Italy, (by Mutti and co-workers in 1979, reported by Bouma 1987) and since
then megaturbidites have been recognised in many other mountain ranges, (e.g. the French and
Spanish Pyrenees, the Argentinean Andes, the Swiss Alps, etc., see Figure 7_6). The Pyrenean and
Alpine mountain ranges provided the locations where disagreements were first aired concerning the
exact interpretation of a megaturbidite and the process by which it was deposited within the
stratigraphic sequence.
7.5 Geometry of Megaturbidites
Opinions have varied between authors in regard to the exact dimensions that transform a standard
turbidite to a 'mega' turbidite. Concerns over the misuse and overuse of the term prompted Bouma
(1987) to detail the following basic characteristics to define megaturbidites. They should:
1) be thick compared to the host rock,
2) be laterally extensive?
3) be different in composition to the host rock,
4) lack submarine fan geometries,
5) contain internal properties that show they are the deposit from one single event and
6) make good stratigraphic and seismic marker beds.
These are good qualitative characteristics for megaturbidites but, using the information presented
on megaturbidites in this thesis, (Table 71), we can begin to assign tentative quantitative values to
both the ancient and modern ocean deposits.
Problems occur in the literature when megaturbidites are mentioned but their dimensions are not
given by the author(s). Such examples include Cuba (Iturralde-Vinent 1992), the 'Turrito Layer' in
the Northern Apennines (Amorosi et ah, 1996) and the Empozada Formation in Argentina (Heredia &
Gallardo, 1996). Where possible, maps presented in these studies have been used to interpret the
areal extent. It is difficult, if not impossible to determine whether the deposit is 'mega' or otherwise,
bringing the validity of the author's description into question. On the other hand, the processes
involved for megabed deposition generally result in laterally extensive and thick sedimentary bodies.
Hence, defining the term 'megabed' is less ambiguous.
The data presented in this thesis reveals that there is a noticeable difference in the geometries
between modern ocean and ancient megaturbidites, (Table 72).
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AVERAGE
GEOMETRIES
Maximum Thickness (m)
Length (km)
Width (km)
Area (km2)
Volume (km3)
MODERN
OCEAN
397
108
40435
148
(14)
(13)
(12)
(12)
(13)
MEGATURBIDITES
ANCIENT
51
67
18.5
1560
44.5 1
(17)
(17)
(13)
(12)
(12)
Size Comparison
(Modern/Ancient)
0.18
5.9
5.8
25.9
3.3
Table 7_2. Average geometries of modern ocean and ancient megaturbidites from the literature (see
Table 71). Parenthesised figures represent the number of megaturbidites used in each calculation
(where geometries were considered to be reliable).
For the most part, the geometries of the modern ocean megaturbidites are much more readily
reported and measured than their ancient counterparts. The most striking difference is the area over
which the megaturbidites can be traced. Modern ocean megaturbidites cover an average area
approximately 26 times greater than the measured values for ancient megaturbidites. There are a
number of reasons for this, as summarised in Figure 7_7 and discussed below:
1) Mapping: The modern ocean megaturbidites can be accurately traced over huge areas using high-
resolution and deep seismic profiling (e.g. the HBM, Chapter 4). Many of the ancient
megaturbidites can only be traced for limited distances in two dimensions and calculation of their
geometries is difficult. Similarly, cores may be collected across vast distances of a modern ocean
basin, allowing correlation of a megaturbidite and investigation into changes in structures and
textures of that megaturbidite.
2) Basin Setting: In a tectonically active basin setting the occurrence of earthquakes is likely to
cause more frequent, localised turbidites. Consequently, when a larger shock initiates a mega-
turbidity current, the volume may be smaller than those from a more passive margin due to the
reduced amount of accumulated sediments.
3) Basin Geometry: Modern ocean megaturbidites are generally deposited in open basins or basins
that are large enough to accommodate the huge amount of material. Ancient megaturbidites,
located predominantly in compressive settings, may be ponded in the confined spaces giving
reduced areas but proportionally much larger thicknesses. This seems to be the case with the
examples presented in Table 7_1.
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Al) MODERN OCEAN RECORD
Herodotus
Basin
Balearic Abyssal
Plain
1 Longitude
-90 km
A2) ANCIENT ROCK RECORD
N Minor Feeder Channels
Major Sediment Input
Quaternary
continental conglomerates
Pliocene and Pleistocene
shallow marine and continental
conglomerates
Early Miocene (Messinian)
marine sandstone and marls,
reefs, gypsum deposits
Early Miocene (Tortonian)
continental and marine
conglomerates, reef & marls
(Gordo Megabed)
Trias
phyllites and marbles
Permo -trias
black schists, gneisses
& quartzites
B)
I
'Small'
Turbidites
A turbidite-dominated
basin setting
'Large' Turbidites Megaturbidites
Volume?
Thickness?
Figure 7_7. The difference in scale and distribution over which ancient rock- and modern ocean-
megaturbidites/megabeds have been mapped, and their frequency within a turbidite-dominated basin.
Al) Two basins from the MD81 cruise showing the huge areal extent of the Acoustically Transparent
Layers and cored sediments of the HBM and the Balearic Abyssal Plain Megabed (Rothwell et al.,
1998). The deep basins have little faulting and hence a relatively flat physiography, allowing the
mega-turbidity currents to flow over extensive areas.
A2) The disjointed exposure of the Tortonian Gordo Megabed of SE Spain (Kleverlaan 1987). The
partial exposure is due to heavy faulting in the region, a confined basin during emplacement and post-
depositional erosion of large portions of the megabed. Numbered exposures relate to type locations
for the various facies associations of the megabed (see Figure 7_4).
B) The hypothetical frequency distribution of megaturbidites in a turbidite-dominated basin setting.
Distribution is seen to be logarithmic/exponential, with continuous events along the trend and
decreasing frequency of larger-scale deposits. The basin stratigraphy is predominantly formed of
'small' turbidites with the occasional occurrence of 'larger' events. Megaturbidites are noted to be rare.
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4) Basin Preservation: The deep oceans have generally experienced limited deformation, and
preservation of the stratigraphy is, therefore, typically high. However, ancient megaturbidites,
having experienced thrusting and shearing, may have partial preservation due to the deformation
and erosion of the stratigraphy. This makes determination of the area and volume of the
megaturbidite very difficult. Significant changes are likely to take place during burial and
compaction of a burial of a fine-grained megaturbidite, so that the resulting compact shale rock
may have lost many of its original characteristics. Hence, megaturbidites in the ancient record
may not be instantly recognisable.
7.5.1 Thickness or Volume?
It is debatable which geometrical property of a turbidite should govern when the deposit becomes
referred to as 'mega,' especially when the breakdown of average geometries in Table 72 is noted.
Megaturbidites are taken by some workers to mean very large volume turbidites (Mutti et al, 1984;
Rothwell 1994), using a threshold value of >1 km3. Others, such as Ricci Lucchi & Valmori (1980),
state that the thickness of the deposit should be used as the defining value. That defining thickness is
placed at >1 m to denote megaturbidites. This topic has been discussed in the paper presented in
Chapter 4, with the conclusion that neither of the above defining geometric values (i.e. neither
volume nor thickness) best represent the concept of megaturbidites.
The occurrence of a megaturbidite in any one basin is rare, and is certainly at a much lower
frequency than other, smaller-sized events. Figure 7_7 shows that for the sedimentological evolution
of a basin it is possible that the distribution of turbidite sizes may be continuous and logarithmic,
rather than a simple division between 'regular' or 'standard' and 'mega' turbidites. Caution must be
applied if, for example, the rock outcrop or core in question is suggesting that the stratigraphy is
dominated by megaturbidites.
There is a great disparity between thicknesses and volumes noted in the ancient- and modern
ocean examples, predominantly due to the factors mentioned above. Therefore, any quantitative
classification of megaturbidites should consider differences in both of these measurements. Table
71 shows that volumes range from 3 km3 from the Sivas Basin (Cater et al, 1991) and the Cascadia
Channel (Griggs et al, 1969) to over 400 km3 for the Herodotus Basin Megaturbidite (Chapter 4) and
the Balearic Abyssal Plain (Rothwell et al, 1998). Immediately notable is that the value of >1 km3 as
a standard cut-off seems remarkably small, which could result in too many turbidites being described
as megaturbidites. The thickness of a deposit can also be a misleading quantity when trying to
determine whether a turbidite is 'mega' or otherwise. Although, locally the 15 m thick Sivas Basin
and 950 km long Cascadia Channel beds dominate the stratigraphy and hence agree with some of
Bouma's 1987 characteristics, their volumes at approximately 3 km3 are quite obviously tiny. A
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compromise can be found that encompasses both volume and thickness of both modern ocean and
ancient megaturbidites.
The volume of a deposit acts as a much better indicator of the overall geometry of a deposit as the
thickness is dependent also on the extent of the depositional basin, lateral tectonic compaction,
proximality etc.. However, for ancient examples it is far more tangible to classify the deposit on its
thickness, as the volume may be difficult or impossible to calculate. Modern examples may be
classified on their thickness and volume with accurate tracing of these commonly 'acoustically
transparent layers.' Using the results of the average geometries from megaturbidites reported in this
dissertation, approximate figures could be assigned which govern when a large turbidite may be
described as a 'megaturbidite.' If the volume cannot be calculated a threshold thickness of ;>3 m
should be used, as the average maximum thickness for ancient- and modern ocean megaturbidites is
35 m and 9 m respectively. Where the volume is calculable it is proposed that the threshold for"
megaturbidite be given at >5 km3, when it can be considered that the average volumes for modern
ocean and ancient megaturbidites are 160 km3 and 40 km3 respectively. Until further megaturbidites;,
are identified in the stratigraphic record, these defining values or threshold geometries should give a
better representation and basis for comparison.
7.6 Triggering Mechanisms of Megaturbidites and Megabeds
The process by which megaturbidites and megabeds are deposited has been discussed by most of
the authors who have documented their occurrence, but it is also one of the least understood and
never observed phenomena. For many large-scale, down-slope mass flows the initiation of the failure
is not well understood and can only be speculated upon. One outstanding reason for this is the lack of
absolute dates which may link the deposit to a specific geological event or process; be it an
earthquake, eustatic fluctuations in sea-level, loading or oversteepening of continental slopes, under-
consolidation of sediments due to rapid accumulation, methane gas hydrate (clathrate) release, or
otherwise. The exact triggering mechanism could also be a combination of a number of processes.
To help clarify the possible triggering mechanism, the megaturbidites and megabeds containing
megaturbidites have been plotted in Figure 7_8 on a time-scale that has the sea-level curves for 0-140
ka (from Shackleton 1984) and the Cretaceous/Tertiary periods (Vail et al, 1977), respectively.
Methods of dating of ancient megabeds and megaturbidites is generally much more poorly
constrained than their modern counterparts. Therefore, ascribing any specific triggering mechanism
to each event must be even more speculative than for the modern ocean deposits.
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Figure 7_8. The relationship between ancient rock and modern ocean megaturbidites and sea-level fluctuation.
a) The modern ocean megaturbidites are fairly well constrained chronostratigraphically and can be placed with some confidence on the sea level curve of
Shackleton (1987). Where dates can not be defined absolutely, the ranges are shown by elongate bars.
b) Ancient megaturbidites have greater uncertainty in exact emplacement dates. When plotted on the sea level curve of Vail et al. (1977), the dates proposed by
the authors may encompass many cycles of sea level transgression and regression. Some authors have stated that the megaturbidites are related directly to e.g.
overlying low stand conglomerates, allowing placement on the falling sea level curve. However, this is a relatively rare occurrence.
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7.6.1 Sea-level Triggering
a) Regression & Lowstand: By plotting the emplacement dates of the megabeds and megaturbidites
>cmentioned in this study it can be seen that those of the Balearic Abyssal Plain (Rothwell et al,
1998), the Hatteras Abyssal Plain (Black Shell Turbidite - Elmore et al, 1979; Prince et al,
1987), the Cascadia Channel (Griggs et al, 1969), the Horseshoe Abyssal Plain (Lebreiro et al,
1997) and the Herodotus Basin (Chapter 4) correlate well to the last lowstand in sea level (Figure
7_8). The primary cause for these catastrophic megaturbidite collapses is believed to be in
response to the exposure of the shelf and upper slope sediments during the sea level lowstand.
Direct sedimentation onto the shelves from prograded rivers has been one general theory
generated for increased turbidite deposition into deep-sea basins (e.g. Vail et al, 1977;
Shanmugam & Moiola, 1982; 1984; Posamentier & Vail, 1988). The sediments become
potentially more unstable due to increased erosion of the hinterland and deposition closer to the
^continental slope edge;
Only relatively few megaturbidites and megabeds from the ancient record have been related to
low sea-level stands. This is partially due to both poor dating constraints and other mechanisms
being favoured. One of the only studies to place an ancient example on a lowering sea-level
!" tcurve is that by Shanmugam & Moiola (1984) who concluded that the emplacement of the Roncal
Unit from the Eocene Hecho Group was due to the initial stage of sea-level lowering.
b) Transgression & Highstand: Weaver & Kuijpers, (1983) concluded that megabeds on the
Madeira Abyssal Plain were triggered by a transgression of the sea level rather than high or low
* sea-level stands. Figure 78 indicates that few events have been attributed to highstand system
tracts. This is believed to be due to the entrapment of sediments on the continental shelves and
starvation of the deep-basins because of the decreased erosion of the hinterland. The Minoan
'Homogenite' (Heike, 1984; Cita et al, 1984b; 1996), was deposited during the last sea-level
highstand but has been connected to a different triggering mechanism, (see below).
For the ancient record, few authors have assigned deposition to fluctuations of sea level. An
exception is the Eo-Miocene flysch of central Dalmatia. The five megabeds are over- and
underlain by lowstand fan-delta conglomerates and have been related to periods of accelerated sea
level rise (Marjanac 1996). The curve shows that the Gordo Megabed (Kleverlaan 1987), the
Turrito Layer (Amorosi et al, 1995; 1996), the Doumsan Megabed (Chough et al, 1990), the
Contessa Megabed (Ricci Lucchi & Valmori, 1980), the Maulcon Flysch (Doyle & Bourrouilh,
--'1986; Bourrouilh 1987) and the Basco-Beanaise Megaturbidites (Souquet et al., 1987) are all seen
to relate to rising sea levels and high-stands. Most of these examples have been attributed to
other triggering mechanisms but may be related to similar circumstances as the Dalmatian
megaturbidites.
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7.6.2 Earthquake Triggering
Surprisingly, the emplacement of modern ocean megaturbidites and megabeds has rarely been
ascribed solely to the occurrence of seismic shock. The magnitude M=7.2 RS Grand Banks
earthquake in 1929 caused a collapse on the continental shelf and slope of Newfoundland (Heezen &
Ewing, 1952; Piper & Aksu, 1987; Piper et al, 1999). A megaturbidite of approximately 185 km3
was emplaced on the Sohm Abyssal Plain and Laurentian Fan indicating the important role of seismic
shock in depositing such large thicknesses and volumes of sediment (Figure 7_1). However, the
occurrence of a large seismic shock on a sediment supplied continental margin will not necessarily
produce a megaturbidite or an associated megabed. The example of the Lisbon Earthquake of 1755
(at M=7.6 one of history's largest recorded shocks) deposited only a centimetre-scale turbidite
(Dawson et ah, 1995; Lebreiro et al., 1997). The reason for the absence of a megaturbidite in the
Tagus and Horseshoe Abyssal Plains is not known, especially as the output from the Tagus River,
together with the adjacent steep continental slope provide two of the main environmental factors
conducive to large-scale gravity-flow deposition.
On the other hand, most ancient megaturbidite and megabed case studies have been attributed to
seismic shock, using the Grand Banks earthquake as an analogue for magnitude of shock and
depositional process. A magnitude of M>7 RS has been denoted as the minimum triggering force
required to initiate such a catastrophic collapse (Mutti et al, 1984). Seismic shock in the depositional
region has been hypothesised to account for approximately 75 % of the ancient megaturbidites and
associated megabeds, (Table 71).
7.6.3 Oversteepening of the slope
Although none of the major events in the modern ocean record have been attributed directly to the
oversteepened slope this process is of fundamental importance in increasing the instability of the
sediment mass, both from increase of slope angle and associated tectonic movement. At lower angles
of repose, the seismic shock to initiate slumps, slides, debris or turbidity current flows would need to
be more severe.
7.6.4 Clathrate release
Destabilisation of methane gas-hydrates (clathrates) has been reported to cause instabilities in the
accumulated sediment mass (Haq 1993). The lowering of sea level decreases the overburden
pressure on the sediment mass and can release the clathrates. The degassing process can cause
instability in the mass as the gas pushes up through the sediment column (Miles 1995; Kvenvolden et
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al, 1993). This may either trigger the terminal collapse or alternatively may mobilise the methane
gas hydrates.
If not a direct trigger of megaturbidites and associated megabeds, the release of clathrates may be
a consequence of such processes. As material is removed from the shelf and slope the clathrates may
degas and be released into the atmosphere. The release of megaturbidite and megabed-induced
greenhouse gasses into the atmosphere is one hypothesis for the retardation of the onset of glaciation
and premature termination of glacial periods (Pauli et al, 1991; Nisbet 1992).
7.6.5 Subaerial flooding
Heightened frequency and intensity of storms may lead to increased sediment accumulation on the
continental shelf and slope. Severe flooding and high sediment load river discharge may lead to rapid
accumulation, under-consolidation of the sediment accumulation and so lead to terminal collapse and
emplacement of a megaturbidite or megabed.
> The literature documents that two events from the geological record are attributed to subaerial
flooding. Elmore et al. (1979) suggested that the Black Shell Turbidite of the Hatteras Abyssal Plain
was emplaced by a combination of subaerial flooding and seismic activity. Additionally, the
Mississippi Megabed has been connected with a higher sedimentation rate on the Mississippi Fan,
possibly due to precipitation-induced increased erosion of the hinterland (Doyle 1987).
7.6.6 Tsunamis
Formed by offshore earthquakes, volcanic explosions, boloidal impacts or huge submarine slides,
tsunamis have been implicated in the initiation of large, down-slope mass-movements. This has been
reported by Cita et al. (1984b; 1996) as causing the widespread but thin deposits of the >161 km3
'Homogenite' present in many of the abyssal plains, troughs and basins of the Eastern Mediterranean
(see Figures 2_1 and 72). More likely, in the author's opinion, is the reverse
- that is the creation of
tsunamis from such large mass movements. Such tidal waves are believed to affect coastlines and
communities many miles from the collapse, such as those on the seaboards of southeastern Australia
(Young & Bryant, 1992), northeastern USA (Heezen & Ewing, 1952), eastern Scotland (Dawson et
al, 1988) and Portugal (Dawson et al, 1995).
7.6.7 Volcanic Activity
Large collapses on the flanks of volcanic seamount and islands have been shown to deposit huge
amounts of debris into the deep marine environment. Examples include three debris flows and
avalanches from the islands of Tenerife and El Heirro in the Canary Island chain (Watts & Masson,
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1995; Masson 1996; Urgeles et ah 1997, Gee et ah, 1999), a number of collapses on the Hawaiian
Ridge (Moore et ah, 1989), and possibly the Pantelleria Trough Megabed (Chapter 6).
7.6.8 Others
Other mechanisms have been suggested. One such case is the late Maastrichtian deposit of Cuba
interpreted as originating from a tsunami wave possibly initiated by a boloidal impact, (Iturralde-
Vinent 1992). Such interpretations must be treated with some caution.
7.6.9 Comments from this study
Mega-turbidity current and megabed flows are clearly initiated by different triggers and/or by a
combination of triggers. Several have been noted from this study:
a) Pantelleria Trough Megabed- the event has been related with some confidence to the volcanic
events on the island of Pantelleria. However, these events would have been accompanied by
seismicity that may have destabilised the slope sediments leading to sliding.
b) Herodotus Basin Megaturbidite- the event has been dated as occurring approximately at the last
sea-level lowstand. However, this time constraint has not conclusively determined the actual
trigger mechanism. The most likely possibilities include seismic activity on the oversteepened NE
African slope, exposure of the shelf sediments during the lowstand, and heightened sedimentation
rates in the source region.
c) The variety of timing, types and settings for megaturbidites and megabeds suggest that no one
single mechanism is responsible for triggering such flows. These processes are summarised in
Figure 7_9, showing that each example must be considered individually to account for all possible
combinations of triggering mechanisms.
7.7 Mega-turbidity Current Flow Processes
Flow processes for turbidity currents and debris flows have been discussed extensively in the
literature but are still subject to uncertainty and controversy (e.g. discussion of Stow 1994; Stow et
ah, 1996). The unpredictable, rapid and catastrophic nature of turbidity currents makes them almost
impossible to study in the natural setting. This section concentrates on mega-turbidity current flows,
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as they are more frequently recognised in the MD81 cores, and may be directly compared and
contrasted to the other turbidites in the Herodotus Basin and Sicilian-Tunisian Platform. The
characteristics of associated megabeds (e.g. the Pantelleria Trough Megabed) will be commented
upon where appropriate.
Although there has been a considerable amount of study into turbidity current flow dynamics, this
has predominantly been concerned with the characteristics of channelised, unidirectional flows.
Current flow process for mega-turbidity currents are still less well known as little has been published
on the physical processes of large flows, even though the number of reported cases is increasing
rapidly.' It is the purpose of this section to detail some of the interpretations of turbidity current flow
processes by previous authors from field-based and laboratory/conceptual models. All of these
studies have tried to answer fundamental questions concerning turbidity currents and their flow
characteristics.
Amongst the unresolved questions concerning turbidity (particularly mega-turbidity) flow
processes are:
1) What are the consequences and characteristics of interaction between the turbidity current and
basin floor topography?
2) How much does the velocity of the flow vary?
3) How long do mega-turbidity flows last?
4) How dilute or concentrated are mega-turbidity flows?
5) How thick are mega-turbidity currents?
6) Do megaturbidites with associated megabeds behave differently in comparison with non-
associated megaturbidites?
Detailed analysis of the sedimentary structures and textures of the Herodotus Basin Megaturbidite
and Pantelleria Trough Megabed has provided good data that may possibly be used to answer to some
of these questions. Additionally, using documented evidence from other field observations,
laboratory experiments and computer-generated conceptual models of turbidity currents, the
depositional processes that form megaturbidites can be addressed.
7.7.1 Field Observations
Field observations of turbidites are abundant in the geological literature, making recognition of
such features as cross- and parallel lamination, convolute laminae and a positive grading common to
an association with the turbidity current process. Occasionally, and pertinent to this study, turbidites
display characteristics or abnormalities that suggest the turbidity current flow process has been
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influenced by some external control. In most cases, that influence is from topographic features over,
around or against which the turbidity current has flowed. Many cases of turbidity current
flow/topography interaction have been reported in both ancient and modern ocean sedimentary
sequences (see Table 73). These cases are different to general descriptions of turbidite occurrences
in, for example, regional sedimentological studies as the authors have interpreted that certain
turbidites have characteristics demonstrating additional processes. Predominantly, these involve
extensive upslope turbidity current flow and flow reflection (see Section 7.8). Evidence is presented
in the form of seismic profiles, sediment cores and rock outcrops that show the presence of turbidites
elevated above the basin or channel floor or reflected from basin floor obstacles.
Location
Tyrrhenian Abyssal Plain, W Mediterranean
Mid-Atlantic Ridge
Peru Trench
Northern Apennines, Italy
West-central North Atlantic
Ceara Rise
Manila Trench
Middle Ordovician beds of Quebec
Southern Uplands of Scotland
Aleutian Trench
Sirte Abyssal Plain, E Mediterranean
Tiburon Rise of the west-central Atlantic
Quaternary of West Antarctica
NW England
Nankai Trough
Madeira Abyssal Plain
Dalmatian Mountains, Croatia
Herodotus Basin
Process
Upslope
Ponding
Upslope
Reflection
Upslope
Upslope
Upslope
Reflection
Upslope
Upslope
Upslope
Upslope
Reflection
Reflection
Reflection
Upslope
Reflection
Uplsope
Authors
Ryan et ah, 1965
van Andel & Komar, 1969
Prince et ah, 191A
Parea & Ricci Lucchi, 1975
Ricci-Lucchi & Valmori, 1980
Shipley 1978
Damuth & Embley, 1979
Damuth 1979
Hiscott & Pickering, 1984
Pickering & Hiscott, 1985
Kemp & White, 1985
Underwood 1987
Rimoldi 1989
Dolane/a/., 1989
Porebski et ah, 1991
Kneller et ah, 1991
Pickering et ah, 1992
Rothwell et ah, 1992
Marjanac 1993
ai&etal., 1984a
Lucchi & Camerlenghi, 1993
Table 7_3 Location of turbidite studies that indicate interaction between flows and basin topography.
When considering mega-turbidity currents, it is reasonable to suggest that they might have an
increased probability of interacting with topography and travelling extended distances, as their size
and associated physical processes are of a much larger magnitude. Tell-tale sedimentological
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textures and seismic profiles noted by previous field studies are also present within the cores and 3.5
kHz profiles from the Herodotus Basin Megaturbidite and Pantelleria Trough Megabed. These may
be used to interpret some of the flow processes of mega-turbidity currents, allowing their
characteristics to be compared with smaller turbidity current flows.
7.7.2 Theoretical and Conceptual Models
On recognition of the distinctive textures and structures of turbidites (Bouma, Stow and Lowe
fades models), mathematicians and computer and laboratory modellers started to try and reproduce
them under controlled conditions. To date, the flow processes of simple turbidity currents are fairly
well understood, with attention now being focused on three-dimensional complexities and the effects
of flow interaction with obstacles. Until recently, models had only dealt with relatively simple, often
two-dimensional flows, showing the mechanisms for sorting of the sediment and that a turbidity
current flowing over the basin topography is capable of eroding the underlying strata, often removing
previously deposited, unconsolidated sediments. Moreover, and particularly relevant to this study,
the direction and flow characteristics of the turbidity current will be affected by irregularities, barriers
and slopes present on the sea floor (Figure 7_10). This topography will also influence the deposition
of the sediment, often thickening the sand or mud fraction at different locations around the barrier or
obstacle (e.g. Kneller et al., 1991). Flow processes noted include upslope flow of the current and
reflection in the opposite direction or at an oblique angle ('reflected-', 'symmetric-' or 'back-
turbidite'), e.g. Kneller et al. (1991); Edwards (1993), and ponding and confinement of the flow (Van
Andel & Komar, 1969). Mathematical equations have been derived to quantify the physical
properties of a turbidity current during upslope flow and reflection, a subject that will be discussed in
Section 7.9 of this dissertation (see Allen 1985; Pantin & Leeder, 1987; Zeng & Lowe, 1997a & b)
The following sections present some of the intricacies reported in turbidity current flows and
relates them to the unique relationship between the Herodotus Basin Megaturbidite and the basin
topography. Interpretations of characteristic structures and textures of turbidites noted by previous
authors are applied to those present within the HBM and the Pantelleria Trough Megabed, together
with evidence of interaction in both seismic profiles and core sections from the MD81 cruise. This
will be used to quantify and qualify some of the physical properties of mega-turbidity and megabed
flows, placing some range on values such as their velocity, density, flow distance and duration.
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A) Upslope flow of a density current
t= 0 sec.
Nose
t= 1 sec.
t= 2 sec. Body of flow
t= 3 sec.
W- -*
10 cm 10 cm/sec
Bulge of fluid beginning
to form
t= 4 sec.
Bulge begins to propagate
t= 5 sec.
t= 6 sec.
t= 7 sec.
Denser flow cuts under
the tail of the forward flow
t= 8 sec.
Figure 7_10. Schematic line-drawings of the results from flume tank
experimentation into the internal attributes of turbidity currents on
incidence with slopes and barriers (after Edwards 1993).
a) Reflection of the flow after upslope transport onto a 20 slope. Arrows represent the motion of 'pliolite' glass spheres (used to represent grains),
greatest velocities of which are seen at the base of the reflected flow.
b) The interaction of a density current with a vertical barrier, showing the heightened suspension on impact, partial spill over the barrier and
undercutting of the tail of the forward flow by the denser reflected head. This model resembles the hydrodynamics hypothesised for the Contessa
Megabed of the Manoso Arenacea, Northern Italy (Ellis 1982, see Figure 7 11).
B) On incidence with a barier
t= 0 sec.
t= 2 sec.
t= 4 sec.
t= 7 sec.
t= 10 sec.
Density current
head
W- -M
10 cm
Chaotic motion
Motion begins in
reverse direction
Flow separation
Billows
Undular bore envelops
density current head
\
Density current intrudes
under basal saline layer
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7.8 Upslope Flow and Flow Reflection
Recent research by Pantin & Leeder, (1987) and Edwards (1993) has studied the effects of two-
dimensional flows interacting with gentle inclines and vertical obstacles (Figure 710). Prior to this,
a notable detailed field description and conceptual model of reflected flow was presented by Ricci
Lucchi & Valmori (1980) and Ellis (1982) for the Contessa Megabed of the Marnoso Arenacea of the
Northern Apennines (Figure 7_11). The megaturbidite was derived from the southeastern margin of
the basin with flutes indicating a northwesterly palaeocurrent flow. However, within the bed other
current ripples suggested a 180 flow reversal to a SE direction. Ellis (1982) noted that the flow
reversal was marked by a blocky, poorly laminated division within the megaturbidite, which also
coincided with a distinct break in the grain size. It was hypothesised that the flow was reflected by an
obstacle, such as a fault escarpment, rather than an upslope flow. Edwards (1993) experimented with
upslope flows and interaction with slopes and barriers to cause reflection of the turbidity current, with
the results summarised in Figure 7_10 showing very similar characteristics to those hypothesised by
Ellis (1982).
The cores and seismic profiles taken from the Herodotus Basin display characteristics in common
with the above cases, and are used in this section to demonstrate possible interaction with topography.
7.8.1 Flow reflection of the Herodotus Basin Megaturbidite
The oblique entry of the Herodotus Basin mega-turbidity current into the basin, at an angle of
approximately 40 with the axis of the plain, suggests that the flow must have traversed the plain and
interacted with the deformation ridges on both the Mediterranean Ridge and along the NW flank of
the plain. Upon entry to the plain at its SW end, the flow would have travelled across the basin plain
and directly onto the Mediterranean Ridge, and then have been deflected or reflected back obliquely
onto the plain and along at least the lower deformation troughs. This flow pattern is summarised in
Figure 7_12 and the sedimentary structures and seismic features discussed below.
Furthermore, the acoustically transparent layer (ATL) is seen over 400 m above the basin floor in
the most distal part of the Herodotus Basin. This would suggest that the HBM turbidity current
travelled over 400 km along the length of the basin and then upslope on to the lower Anatolian Rise.
The topography becomes very deformed in this region and it is unknown whether the turbidity current
continued on its path further than the imaged 50 km NE of core site LC30. As the HBM is still over
llm thick at LC30 it is thought likely that the deposit would be present in some of the other perched
basins to the north-east and east of this region.
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NW SE
a)
basin
continues
for 150 km
NW
active intra-basin
fault
approx.
60 m
flow ascends vertically
before falling through
itself, maintaining turbulence
SE
NW SE
C) minor
overspill flow
continues
up-basin
return flow
over-riding previous
deposits
Figure 7_11. The postulated reversal of the Contessa mega-turbidity current flow (after
Ellis 1982).
a) The Contessa flow enters the basin from the SE, noted by flute and groove casts on the
base of the megaturbidite.
b) On incidence with an intra-basin fault escarpment the flow ascends vertically with
some overspill to the NW.
c) The flow reverses to the SE, noted by a block texture and ripple cross lamination.
The mega-turbidity flow acts in a similar manner to that modelled by Edwards (1993, see
Figure 7_10).
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Upslope flow was also suggested from the presence of the HBM in the BAN-82 cores (Lucchi &
Camerlenghi, 1993). The thickness of the HBM decreases from over 16 m on the basin plain to less
than 1 cm on the Mediterranean Ridge and Lucchi & Camerlenghi (1993) proposed that the turbidity
current travelled upslope in a north-westerly direction from the African margin for a distance of at
least 57 km and for an elevation of 283 m above the Herodotus Basin floor. However, evidence from
this thesis suggests that the HBM travelled approximately SW to NE along the length of the basin, not
SE to NW. Therefore, while accepting evidence of upslope flow presented by Lucchi & Camerlenghi
(1993), it is proposed that this was caused by oblique upslope flow rather than flow perpendicular to
the margin.
7.8.2 Seismic Evidence for flow reflection of the HBM
The basin topography and the occurrence of an ATL presented in Figure 7_13 demonstrates the
scale of obstacles that the mega-turbidity current would have encountered as it travelled in a
northeasterly direction. The deformation of the basin can be seen to increase in amplitude and
wavelength from the SW region of the basin to the NE and number of discrete interactions between
the ATL (hence HMB) and topography can be determined from this transect along the length of the
basin:
a) Asymmetric trough fill and stacked ATLs
- central region
Profiles from the region to the north of core site LC25 (central basin) show two distinctive
differences in the form of the ATL. Most noticeably the ATL forms an asymmetric fill in the
approximately 10 km wide troughs (Figure 713). The acoustically transparent layer of the HBM
onlaps and pinches-out onto the flanks of the >100 m high ridges with thicker sediment accumulation
in the NW portion of the troughs. This asymmetric fill may be due to the slight asymmetry of the
ridges, which are steeper on the SE flank, resulting in the measured onlap of as much as 30-40 m on
the NW flanks of the ridges with little, if any on the SE flanks. This makes it more likely that the
onlap is due to depositional processes rather than the slow accretion of the Mediterranean Ridge
prism. Secondly, closer examination of the thicker sediment accumulation in the NW portions of the
troughs show two older acoustically transparent layers which are also estimated to be approximately
20 m thick.
b) Perched basins and poor ATL imaging
- distal region
The ATL in the heavily deformed distal region of the basin is more difficult to trace and relies on
core information to confirm the presence of the megaturbidite. The ridges are over 500 m above the
basin floor and the troughs are approximately 5-20 km wide. However, because of the ship's oblique
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Figure 7_13. Topography of the Herodotus Basin, showing the presence of the Acoustically Transparent Layer (ATL) interpreted as the Herodotus Basin Megaturbidite.
A) The 3.5 kHz profile shows the presence of the ATL in some of the small basins and not others, possibly suggesting preferential flow of the mega-turbidity current and
bypassing of some of these troughs.
B) Possible stacking of ATLs, suggesting ponding of the flow as it is repeatedly reflected within the small troughs and basins.
C) Upslope flow of the mega-turbidity current seen by perched basins containing ATLs (see text for details).
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'Generally, the megaturbidite thins from the basin plain to the Mediterranean Ridge but the sand
percentage of the megaturbidite increases upslope. Certainly, the mud fraction of the flow continued
on a north-easterly course along the Herodotus Basin, whether it was reflected by the topography or
otherwise. However, the author considers it unlikely that only the sand fraction was transported to
the crests of the deformation ridges and refutes the hypothesis presented by Lucchi & Camerlenghi
(1993, see Figure 7_14 part c2). An alternative hypothesis is presented in Section 7.9.2.
b) Grain-size fluctuations
Detailed grain size analysis was completed on 59 samples from the distal HBM in core LC30 and
has been presented previously in Chapters 3 and 4. The HBM grain-size profile for core LC30
demonstrates a general normal grading but with the sand and mud fractions showing marked and
gentle fluctuations respectively (Figure 715). At the base of the megaturbidite there is a noticeable
fluctuation from an average grain size of 28 m to approximately 10 m over an interval of 1.5
metres. The average grain size of the overlying structureless mud fraction varies between 7 m and 3
um, showing a gentle oscillation between these two values. This 4 m fluctuation is within the limits
of analytical detection of the sedigraph and is therefore not thought to be an artefact of the sampling
and analytical technique.
Additional grain size analysis of the more proximal HBM by Lucchi & Camerlenghi (1993)
revealed three orders of fluctuation in the silt and sand concentration through the megaturbidite,
(Figure 7_15). They considered the first-order event to be simply the sand grain-size fraction of the
whole turbidite. The second-order fluctuation is an additional 'see-sawing' of the sand percentage
within that > 63 m fraction. This second-order fluctuation may be equivalent to the two sand
'peaks' measured in lower 1.5 m section of the HBM in core LC30. Third-order fluctuation is a
further variation of the sand percentage within a second-order event.
c) Sedimentary structures
Lucchi & Camerlenghi, (1993) commented that the HBM was distinctive because its basal sands
contained 'neither parallel or convolute laminations.' This is seen to be untrue for the cores collected
from the MD81 transect along the basin. Cores LC24 to LC29, although not fully penetrating the
complete thickness of the HBM, do contain sedimentary structures but these are markedly different
from those seen in LC30. Proximally, there appears to be a more disorganised structure of the
sediments, possibly indicating an unsteady state of the flow and its interaction with the ridge of the
basin and Mediterranean Ridge. Hence, the structureless nature of the HBM in the sedimentary
descriptions of Cita et al. (1984a) and Lucchi & Camerlenghi, (1993) is thought to be due to the
penetration of only the finer-grained portion of the megaturbidite. Further penetration of the
sediment, particularly of core PC-10, may have recovered similar disorganised sedimentary
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Figure 7_15. Grain-size fluctuation of the HBM seen in both this study and that of Lucchi &
Camerlenghi, (1993). This fluctuation may be a result of the interaction between flow and the
basin topography.
a) The average grain-size for the HBM in core LC30 in the NE region of the basin. Fluctuation
is present in both the coarse and fine fractions (see Chapter 4). I-order and Il-order events
relate to fluctuationsnoted in part b).
b) Lucchi & Camerlenghi's grain-size studies revealed three orders of fluctuation. I-order is
deemed to be the basic upward fining sequence of the turbidite (Bouma 1962) in which Il-order
events are present as additional upward-fining sequences related to waxes and wanes of the
flow. The Ill-order events are related to very low energy of the flow and dumping of the sand
out of suspension.
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structures to those seen in the adjacent LC24. Distally (core LC30), the HBM demonstrates excellent
sedimentary structures, with the recognition of parallel, cross and convoluted laminae (Figure 7_16).
Analysis of the sand and silt fractions of the HBM in Chapter 4 revealed that the bed did not follow
the classic structural sequences of Bouma (1962) or Stow (1977; Stow & Piper, 1984). The HBM in
core LC30 can be considered to be a combination of the Bouma silt- and the Stow mud-turbidite
facies, with possible repetition of some structural units. Smeared clasts noted in Figure 7_16 may be
similar to the 'blocky coarser sediments' interpreted by Ellis (1982) in the Contessa Megabed as
denoting reflection of the turbidity current and rapid dumping of a large amount of sediment (Figure
7.8.4 The Pantelleria Trough Megabed and interaction with topography
Although the amount of data available for the Pantelleria Trough Megabed is considerably lower
than for the HBM, the grain-size analysis (Figure 67) of both the turbidite and debrite portions
reveal some aspects of the physical properties of the flow. Instantly discernible is the characteristic
upward fining of the turbidite deposit, showing a thin sand base passing almost immediately into a
thick mud grain-size fraction. Sorting of the sediment is seen to be very good, with such
hydrodynamic structures as pumice raft horizons seen at the top of the megaturbidite. This may
suggest that the mega-turbidity current flow was fairly uniform by the time it had reached the centre
of the Pantelleria Trough (LC8). Additionally, the lack of rapid grain-size changes and other features
seems to indicate little evidence of interaction between the mega-turbidity flow and the trough
topography.
On the other hand, the associated underlying pumiceous debrite deposit has what initially appears
to be a disorganised, unsorted vertical grain-size distribution. Alternation between coarse-grained
and soupy, finer-grained pumiceous layers might indicate that the flow process of the debrite
megabed was via buoyancy of clasts within a muddy matrix of a plastic debris flow. However,
analysis of the largest clast/grain-size over 4 cm intervals shows a crude series of upward-fining
sequences, each seemingly spanning a coarse to fine-grained division. Whether this is related to a
quasi-turbidity current process or otherwise is difficult to distinguish, but it certainly suggests some
possible variation of flow velocity. These velocity changes may have been controlled by interaction
between the sediment mass flow and the steep sides of the narrow trough. Alternatively, processes
within the flow may have given surges in velocity as more sediment collapsed from the eastern flank
of Pantelleria island.
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A) Proximal HBM
(LC24)
B) Distal HBM
(LC30)
C) Smeared, blocky clasts
from core LC30
MBI
Convolute and ripple
lamination of Bouma
T. division
Sub-horizontal, sub-
parallel, irregularly-
spaced laminae (Tb)
High angle parallel
laminae of sandy
Bouma T, division
Sub-vertical laminae
(water escape flame
structures?)
Indistinctly laminated
silts with convoluted
and disrupted pale
silty layers (T/T4+5)
Finely laminated
fine silt (T/r3)
Convoluted fine
silts
Parallel-laminated
silts (T/r2+3)
Cross-laminated
and convoluted
silt (T/r0+1)
Basal massive
sand (JJTJ
Bioturbated top of
Type-A' turbidite V
Approximately 50 cm above the top of photograph B
Randomly
placed clast and
smears
Silty mud with
pale silty clasts
and smears
forming sub-
parallel laminae
(T/r4+5)
Figure 7_16. Core photographs of the proximal and distal characteristics
of the HBM.
A) Proximal sand and silt demonstrating a randomly orientated sub-
parallel lamination, clearly showing some sedimentary structures
(contrary to observation of Lucchi & Camerlenghi, 1993).
B) Well-defined sedimentary structures in the distal expression of the
HBM (see Chapter 4 for full discussion).
C) Smeared clasts in the bottom two metres of the HBM in core LC30,
showing possible dumping of sedimentary material as the mega-
turbidity current interacted with the basin topography. Similar clasts
have been noted by Stow et al. (1985) in Mississippi Fan sediments and
by Ellis (1982) in the Contessa Megabed.
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7.8.5 Comments from this study
Analysis of the sedimentary textures and structures and seismic character of the Herodotus Basin
Megaturbidite and the Pantelleria Trough Megabed may lead to the conclusion that:
a) Large-scale turbidity currents are able to flow upslope for extensive distances, even after
considerable interaction with topographic obstacles and barriers.
b) Interaction between a mega-turbidity current and topography at the entrance to a basin plain
differs significantly from that in distal regions. Proximally, the interaction creates disorganised
sedimentary structures, whilst more uniform sedimentary structures are present within the distal
megaturbidite.
c) Reflection and velocity changes caused by incidence of the distal flow with topographic obstacles
may cause repetition of sedimentary structural units as the velocity of the flow fluctuates.
d) Differences exist between the structural, textural and seismic profile characteristics of mega-
turbidity currents from the axial and lateral regions of the flow. Axially, the flow is fairly
uniform, showing a relatively tabular geometry and gently increasing proportion in thickness of
the fine grain-size units with distance from source. Laterally, there is a notable decrease in mud
grain-size proportion on the topographic highs and the shallow seismic profiles show onlapping of
the megaturbidite onto deformation ridges. Additionally, multiple ATL horizons may be seen in
the small troughs between deformation ridges.
e) Megaturbidites with associated megabeds may show a distinct division between the two
sedimentary processes, with one process indicating possible interaction with topography and the
other showing relatively no influence from upslope or reverse flow conditions.
7.9 Physical Properties of Mega-turbidity Current Flows
To conclude the discussion on the characteristics of mega-turbidity currents, the Herodotus Basin
Megaturbidite and others reported in the literature will be used to determine the physical properties of
such flows.
The effects on the resultant turbidite of interaction between the turbidity current and topography
have been extensively modelled, (for example, Komar 1971; Kneller et ah, 1991; Edwards 1993), but
core and outcrop samples have not always provided direct evidence of such interaction. Upslope
flow of the turbidity current may give some insight into the mechanisms involved in the emplacement
of such large volumes of sedimentary material. Factors important in the steady-state and upslope
flow of a turbidity current are expressed mathematically in Figure 7_17. This discussion does not
intend to analyse these equations, as rigorous examination of the hydrodynamic flow may
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a) Models and characteristics of various states of turbidity current flow
Surging/Uunstable Flow Steady State
Hydraulic
Jump
50 % reduction in velocity
250 % increase in flow height
Libyan/Egyptian
Continental Slope
Sub-critical
?
Herodotus Basin
u2-
8g Ap
_ (ps + Ap)_
dtanß
Upslope Flow
Equation 7.1 Equation 7.2
Oblique entry of flow into Herodotus Basin })) Increase OfflOW Velotity üt deformation H
Top of Herodotus Basin
mega-turbidity current
(schematic)
Reduction in height of turbidity
current flow on incidence with
Mediterranean Ridge deformation ridges
C
IS
I
Concentration of flow over ridges allowing sand deposition only
\
Slower velocities allowing mud, silt and sand
deposition in inter-ridge troughs
(noted by thicker ATLs)
Note: 50 % of flow is directed towards reader. Reflected flow not shown for clarity of figure.
Figure 7_17. Variations in velocity of turbidity currents
a) Models and characteristics of various stages of turbidity current flow interaction with basin floor topography. Mathematical equations show controlling functions of the turbidity current's
physical properties (after Edwards 1993; Allen 1985 and Middleton 1966) and
b) Increase of flow velocity at deformation ridges as a process for depositing a sand veneer on the crest of these structures. A reduction in flow height would concentrate the flow and increase the
velocity, restricting any deposition of the fine-grain fraction. This process is preferred to the hypothesis presented by Lucchi & Camerlenghi (1993; see Figure 7_14 part c2).
EQUATION FUNCTIONS
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V
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be found in Kuenen (1950), Middleton (1966), Van Andel & Komar (1969), Komar (1969; 1970;
l"97-§), Middleton & Hampton (1973; 1976), Woodcock (1976), Allen (1985) and Muck &
Underwood (1990). However, the important parameters on the flow, with reference to the HBM, are
discussed briefly below.
In the case of the Herodotus Basin Megaturbidite, features seen on the seismic profiles and in the
core sediments were probably created by the interaction of the HBM turbidity flow with the
Mediterranean Ridge (see Section 7.8). By assessing these features some ranges of values for the
velocity, duration and density may be postulated for the mega-turbidity current that deposited it.
7.9.1 Flow velocity U-
Theoretically, there are two end-member equilibrium states for turbidity currents, deemed to be a
relatively low-velocity, low-density state and a high-density, high velocity 'catastrophic' state
(Parker 1982). A turbidity current can be considered to have 3 stages of evolution, being 1) ignition
and acceleration of the flow to a terminal velocity causing erosion of underlying strata, 2) constant
velocity on a slope where deposition equals erosion, followed by 3) a deceleration of the flow where
deposition exceeds erosion (Kirwan et ah, 1986; Edwards 1993). The acceleration matrix (Kneller &
McCaffrey, 1999) further illustrates the evolving properties of a turbidity current.
Low-velocity, low-density currents from the Nova Scotian margin were estimated by Stow &
Bowen (1980) to move at very low velocity (approximately 0.5-1.5 m/s) in order to allow deposition
of the silt-mud turbidites. Examples of high-density currents, such as the Grand Banks turbidity
current, have been shown to reach a maximum of 75 m/s, based on the timing of sequential cable
breaks (Heezen & Ewing, 1952). Interestingly, this high velocity flow that carried gravel and sand
through the channel axes on the Laurentian Fan is believed to be exactly the same as that which
deposited silt-mud turbidites on the channel levees several hundreds of metres above the channel
floor. There is no doubt that velocity is a dynamic property in turbidity currents.
A turbidity current will undergo several changes in velocity throughout its duration, one of the
most abrupt of which is when a flow descends from a slope and enters an abyssal or basin plain.
The sudden change in slope may cause a hydraulic jump which can produce a drop in velocity of
approximately 50 % (Komar 1970, see Figure 7_17). Even so, it has been reported that larger
turbidity currents are able to retain a large component of their high initial velocities in a sub-critical
flojü, allowing travel over distances of over 1000 km of abyssal floor during the deceleration of the
flow(Dolane/a/., 1989).
Evidence of velocity change in the Herodotus Basin mega-turbidity current is seen by several
textural and structural characteristics, most notably with fluctuations in all fractions of the grain-size
curves. This may have resulted from the quasi-contemporaneous differential collapse of the source
region, forming the giant flow and creating surges in the velocity. More distally these fluctuations are
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less pronounced and the HBM shows excellent structural units which may suggest a more uniform
flow of the turbidity current with increased transport distance. However, fluctuations are seen
throughout the mud fraction and some sedimentary structural units are repeated possibly showing
some significant velocity changes up to 500 km from the source.
Velocity changes are also inferred on the lateral part of the flow as the turbidity current interacted
with the Mediterranean Ridge. The purely sand composition of the HBM on the crests of the
deformation ridges may relate to a vertical confinement of the flow over the ridges and an increase in
velocity (Figure 717). An increase in velocity would allow some sand deposition but would keep
the finer-grained fraction in turbulent suspension.
However, assuming a relatively steady-state velocity of the HBM turbidity current along much of
the Herodotus Basin plain, it may be possible to make a comparison with the observed 'steady'
velocity of 11 m/s on the Sohm Abyssal Plain for the 185 km3 Grand Banks turbidity current,
(Heezen & Ewing, 1952; Uchupi & Austin, 1979). Nevertheless, deposition of the fine-grained
sediment load was presumably from a much lower late-stage velocity.
7.9.2 Density of the current pt
Equations 71 and 7_2 show that the density of a turbidity current flow (/?,), and the difference
between that flow density and the ambient water (Ap), will control the velocity of the flow and limit
the amount the turbidity current could encroach onto basin topography. High-density currents, such
as described by Middleton & Hampton (1973), Lowe (1979), and McCave & Jones (1988), are
expected to have more restricted upslope flow, mainly due to the larger difference between the
densities of flow and ambient water {Aß). The Ap value for a turbidity current would decrease as the
flow climbed the slope and the silt and sand fractions were deposited allowing the current to continue
upslope flow at a lower velocity.
Turbidity current flows with high densities (e.g. 250 kg/m3) may not entrain significant amounts of
the ambient water, allowing limited vertical sorting of the sediment to occur. Poorly-formed fining-
up sequences may be formed but this may lead to confusion in the recognition of sediments deposited
by plastic, debris flows to those deposited by high-density turbidity currents. Indeed, some authors
argue that the processes are all but identical (i.e. Shanmugam 1996).
The low-density turbidity currents noted by Stow & Bowen (1980) deposit only fine-grained muds
with thin silt lamination. Flow velocity is too slow to transport coarser grained sediment and it
requires a long time period (of the order of days) to deposit just a few centimetres of mud.
Additionally, any external influences from such processes as contour currents are likely transport the
sediment load laterally rather than downslope.
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The density of the Herodotus Basin mega-turbidity current is difficult to determine due to the
many unknown physical properties of the flow and the influences of such factors as velocity and
interaction with topography. Nevertheless, the structural and textural sedimentary characteristics of
the megaturbidite may define several limiting factors concerning its density. Firstly, there are many
sedimentary structures and vertical grain-size fluctuations in all fractions of the HBM, indicating that
the turbidity current was not so dense as to prevent sorting and grading of the sediment. Secondly,
the difference in grain-size between the basal coarse sands and the very finest laminated and
bioturbated muds suggest that the Herodotus Basin megaturbidite was a very complex flow. Velocity
(and hence density) must have been high enough to sustain turbulence in the coarser grained fraction
and low enough to allow deposition of fine-grained muds.
7.9.3 Duration of mega-turbidity current flows
The time span over which a turbidity current can be sustained is dependent on its density and its
velocity. High-density currents are deposited within a matter of hours (Kirwan et al., 1986)
compared to their low-density counterparts, which may settle from the water column up to a number
of weeks after the initial flow. This may create such depositional units as the very thick, bioturbated,
fine-grained 'hemiturbidites' at the top of the main turbidite bed (Stow & Wetzel, 1990).
Difficulties occur in determination of the duration of the Herodotus Basin mega-turbidity current
because of large differences between grain-size fractions. Calculations by McCave & Jones (1988)
demonstrated that a 5 m thick turbidite deposited from a low density turbulent current (2 kg/m3)
would require a flow lasting approximately 6 weeks. If the density of the HBM flow was as low as
those seen on the Nova Scotian margin, then the >16 m thick HBM would have taken in the order of
10 weeks to be deposited. However, such low density, low velocity currents would not be able to
transport sands and silts.
Therefore, it is evident that there must have been a considerable division of the Herodotus Basin
mega-turbidity current during its flow along the basin plain. The coarsest grain-size fraction may
have travelled a few hundred kilometres in a relatively short period of time, before being 'over-run'
by a slower, less dense, semi-continuous flow transporting the silt and then mud grain-size fractions.
In total, settling of the finest muds from suspension may have taken several weeks.
7.9.4 Flow thickness dH and dB
The initial thickness of a supercritical flow can be increased as the current is incident on
topography or enters a basin plain. During a hydraulic jump the 50 % reduction in the velocity of a
flow has been modelled to show an increase in thickness of the flow by approximately 250 %,
(Komar 1971). Additional modelling by Muck & Underwood (1990) suggested that the thickness of
Page 7-47Chapter 7- Megaturbidites and Megabeds
a turbidity flow is directly proportional to its maximum achievable run-up elevation on a ramp. The
amount of elevation of a sub-critical, low-density turbidity current was estimated (as a first-order
approximation) to equal 1.5 times that of the flow thickness. This suggests that the HBM flow may
be more than 250 m thick as an upslope elevation of at least 400 m is estimated from the 3.5 kHz
seismic profiles. Flows of such thickness are not unrealistic as Stow & Bowen, (1980) observed that
low-density, fine-grained turbidity currents from the Nova Scotian margin can reach thicknesses
approaching 1000 m.
Deposition of HBM mud was noted to be absent on the deformation ridges of the Mediterranean
Ridge, a process which was earlier attributed to an increase in velocity of the flow during its vertical
compression (see Section 7.9.1 and Figure 7_17). This hypothesis is preferred to processes that
involve just the sand fraction of the turbidity current scaling the ridges as it is likely that the fine¬
grained fraction was more than capable of ascending the many topographic barriers. Possibly, not
even a significant amount of upslope flow was required if the flow exceeded the 250 m elevation of
the deformation ridges above the basin plain.
7.9.5 Topographic slope ^
Allen (1985) and Muck & Underwood, (1990) noted that in nature a reduction of the topographic
slope to achieve the same upslope flow height would actually prevent the turbidity current from
climbing it. This was due to the deceleration of the flow over a larger horizontal distance from
frictional drag. Therefore, the upslope flow of the HBM should not be restricted by the angle of
topographic slope but more likely by the distance the flow has to travel upslope. The bathymetric
longitudinal-section of the Herodotus Basin (Figures 7_13 and 4_8) shows a gentle incline of the
slope of approximately 100 m over 200 km between core stations LC27 and LC30, equating to a
slope of approximately 0.03.
Nevertheless, the Herodotus Basin mega-turbidity current ascended an essentially gentle slope for
400 km and still showed signs of significant velocity changes in its most distal expression. By the
time the flow had reached the elevated regions of the distal basin it had already dumped much of its
coarse sediment load in the proximal and central parts of the basin. This allowed the flow to maintain
a more constant, slower velocity and a lower density, permitting it to travel the entire length of the
Herodotus Basin. It is possible that on incidence of the final barrier in the distal region, the flow
ramped-up to deposit mud in perched basins and began to flow back towards the southwest, albeit in a
much reduced volume.
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7.9.6 Friction/ and/
As with any motion between two objects, there are factional forces preventing movement. The
two variables relating to the friction of the flow over the underlying sediments (Q and through the
water column (/) are difficult to quantify. Energy is lost as heat, sound and turbulence as the
turbidity current flows along the basin floor. Allen (1985) suggested that friction accounts for
approximately 33 % of the energy loss of the flow, although this figure was noted to vary greatly
between high- and low-density flows.
7.9.7 Summary of Flow Properties
Using evidence from cores and shallow seismic profiles, together with values from previous
studies, ranges may be placed on many of the flow properties of the Herodotus Basin mega-turbidity
flow (Table 7_4).
It is possible that the flow encompassed the whole range of values presented below, but until
measurements are made of similar size events in nature, the exact properties of mega-turbidity current
flows remain just as uncertain.
7.10 Megaturbidite Classification
This classification describes large-scale resedimentation events that have a megaturbidite as one or
the only component of the deposit. A comprehensive and general classification of mass-wasting
gravity flows may be found in Mulder & Cochonat (1996). The authors proposed a classification for
offshore mass movements in which they considered megaturbidites as a separate entity with only
brief mention of the association with underlying or synchronous slump, slide or debris flow deposits.
Notable differences in geometry and texture of megaturbidites from the Dalmatian mountain chain led
Marjanac (1996) to classify the nine central Croatian events in terms of their sedimentary structures
and association with other synchronous mass movements. The four-fold megaturbidite classification
included: a) megaturbidites, b) "Reflected" turbidites (indicating interaction with basin
topography), c) Composite beds (showing lithologically uniform and normally graded, thinning-
upward units) and d) Complex beds (consisting of a debrite-megaturbidite bi-partite bed).
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Classification of Megaturbidites
by Mode of Deposition
A) Non-Associated
B) Megabed
Triggering
C) Megabed
Loading
D) Megabed
Ignition
Figure 7_18. Schematic section showing a classification of Megaturbidites by their mode of deposition.
A) Non-Associated- The megaturbidite is emplaced solely by a mega-turbidity current
B) Megabed Triggering- One or more synchronous, large-scale turbidity currents result from the initial
movement of a slide/slump or mass-debris flow. The turbidity currents may flow over the other
megabed, eroding into the top and infilling the rough topography. Alternatively, the turbidity
currents may transport the suspended sediment farther downslope, making identification of the
megabed/megaturbidite association tenuous.
C) Megabed Loading- The pressure of a slump/slide or debris flow on the underlying, semi-
consolidated substrate, initiates a turbidity current ahead of the advancing megabed. Association
between the two events can only be confirmed by dating each deposit.
D) Megabed Ignition- Ambient water entrained during the megabed transport, ignites the sediment
load into suspension, creating a debris flow and subsequent turbidite (see Figure 7_3).
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7.11.2 Megabed Triggered
MFhe second mode of deposition occurs almost instantaneously and locally with the initial
movement of a slide/slump or debris flow. Such a case is believed to have occurred during the
deposition of the Grand Banks Megabed, with a slump/slide triggering a mega-turbidity current flow
from the steep continental slope (Heezen & Ewing, 1952; Heezen et al., 1954; Piper & Aksu, 1987;
Piper et al., 1999). The slump/slide megabed fraction of the event did not travel a great distance, but
the mega-turbidity current deposited a thick megaturbidite on the Sohm Abyssal Plain.
7.11.3 Megabed Loading
The weight of a megabed flow on under-consolidated slope sediments may cause them to become
unstable, forming a turbidity current ahead of the slump/slide or debrite. An example of this mode is
the 12 ka BP Canary Debris Slide of the NW African Margin, which at approximately 400 km3 is
believed to have loaded the underlying strata and created a mega-turbidity current ahead of the slide,
depositing it onto the Madeira Abyssal Plain (Masson et al., 1997). The 5 m thick megaturbidite
(turbidite 'b') is located some considerable distance from the slide but has also been dated at 12 ka
BP. Its volume is estimated to be approximately 125 km3.
7.11.4 Megabed Ignition
> As a debris flow, slide or slump moves downslope it may be 'ignited' into a turbulent flow due to
entrainment of water into the sediment (see Figure 73). A similar process was described from high-
density turbidity flows by Normark & Piper (1991) to give more dilute turbidity currents. Arguments
against the hypothesis of ignition state that slumps, slides and debris flows are more likely to dewater
as they are transported, making the likelihood of ignition less probable. However, to date most
authors suggest that the high volume of material deposited from a mega-turbidity current flow most
probably evolved from ignition of a slide/slump on the steep continental slope.
7.11.5 Summary
Having noted that the flow properties of mega-turbidity currents and megabeds are not well
understood, it may be very difficult to distinguish which of the above models best represents the
juxtaposition of two beds. Therefore, although this classification may give some insight into the
processes at one point in time, there is generally not enough evidence to determine whether a flow
formed from ignition of a megabed, loading by a megabed or triggering by a megabed.
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However, what may be evident, is the presence of one, two or even three separate gravity flow
mechanisms within one megabed. The following classification simply analyses dominant grain-size
fractions of megaturbidites, together with the processes associated with any directly underlying
megabeds. Although several gravity flow processes may be inferred in any one deposit, their
influences on each other during deposition are not.
7.12 A Classification of the Megaturbidite -Megabed Association
The proposed continuum from megabeds to megaturbidites is shown in Figure 7_19. Three major
types of megaturbidite/megabed associations have been described, herein named 'Type-F, 'Type-IF
and 'Type-Ill' megaturbidites. The succession from 'Type-I' to 'Type-Ill' is an idealised sequence of
increasing inclusion of megabed flow processes beneath a megaturbidite (see Figures 7_19 and 7_3)
and may represent a distal ('Type-F) to proximal ('Type-Ill') transect within a basin. The final
classification is very dependent on the material available for resedimentation and, therefore, it
includes turbidite facies end member models (coarse- and fine to medium- grain and massive
sediment). Where possible, documented type-locations have been used for each megaturbidite type.
7.12.1 'Type-r- Megaturbidite
'Type-F deposits comprise only a single depositional process, namely sediment deposited by a
mega-turbidity current. The megaturbidite has no synchronous slump/slide or debrite associated with
it. Three classes have been defined in order to account for the dominant grain-size fraction and the
sedimentary structures that may be observed in 'Type-I' megaturbidites. These are fine-medium
grain-size, coarse grain-size and finally a massive sediment body of either sand or mud grade.
A) 'Type-I^- Fine-Medium Grain-size Megaturbidite
'Type-IFG' megaturbidites will be recognised by their classic upward-fining of grain-size and
Bouma (1962) or Stow (1977) turbidite facies within the dominant mud and silt grain-size
fractions. Sedimentological structures, common to Bouma divisions Ta to Te and Stow divisions To
to Tg, may be present (Figure 7_19 and 1_8).
Type-locations: Fine-medium grain-size megaturbidites, which are not associated with other
synchronous megabeds, have been frequently described in the modern ocean record. The HBM
from this study and the Balearic Abyssal Plain megabed described by Rothwell et al. (1998) are
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pc Fine-Medium- Grained Megaturbidite
HBMfrom this study (essentially combined Stow and Bouma Facies)
Bioturbated
Mud
Mud
Sand
Bioturbated oxidised (hemiturbidite?)
layer especially where have intense
topographic interaction and slow settling
of fine sediment
1) Mud fraction dominating thickness of
megaturbidite
2) +/- Subtle grading throughout
3) Absence of sedimentary structures
4) Grain-size fluctuation showing evidence
of unstable turbidity current flow
I) More evidence of sediment structures
and reflections/repetition of flow
2) Evidence of rapid deposition of
sediment (smeared clasts)
1) Rapid grain-size change with much of
the sand load dumped early
2) Poorly developed structures due to rapid
dumping of sand and interaction with
Significant erosion
'Type-Ice' Coarse-Grained
Megaturbidite
Doumsan MB, Dalmatian MTs
S3
S2
SI
R2
Lowe fades
'Type-lug Massive Bed
(Sand or Mud)
Turrito, Contessa & Gres d'Annot
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'Type-II,,' Bi-partite
Megaturbidite
'Type-IIs' Bi-partite
Megaturbidite
Gordo, Pantelleria Trough, Missaglia Grand Banks,Roncal Unit, Empozada Fm
'Type-Ill' Composite
Megaturbidite
Hecho Group? Empozada? Mis-interpreted?
Figure 7_19. A classification of Megaturbidites by their association with other
Megabeds.
The progession of an increasing number of units beneath the turbidite fraction,
forming the 'Type-I' single unit Megaturbidite, the 'Type-IF Bi-partite
Megaturbidite and the 'Type-IIF Composite Megaturbidite (see Figure 1_7
for details on the turbidite facies and Figures 7_3 and 7_6 for details of the
Gordo Megabed).
A full description of this classification may be found in Section 7.12.
i
i
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: medium to fine grain-size megaturbidites with volumes in excess of 400 km3. Similarly,
megaturbidites from the Madeira Abyssal Plain (Weaver et al, 1992) and the Horseshoe Abyssal
Plain (Lebreiro et al, 1997) have medium-fine grain-sizes, although they are postulated to have
been transported by high-density turbidity currents. Other modern ocean 'Type-IFG'
megaturbidites include the 29 m thick late Pleistocene fine-grained bioclastic Mississippi Fan
Megabed (Stow et al, 1985) and the Black Shell Turbidite of the Hatteras Abyssal Plain (Elmore
et al, 1979; Prince et al, 1987).
Fewer 'Type-Ipo' megaturbidites are reported from the ancient record, possibly due in part to
post depositional processes that may compact these fine sediments into indistinct shaly layers.
However, the Yucatan Platform-derived Cuban megaturbidites (Iturralde-Vinent 1992) and some
of the Dalmatian megaturbidites (Marjanac 1996) are reported as comprising single megaturbidite
beds with dominant fine-medium grain-size sediments.
B) 'Type-Icg'- Coarse Grain-size Megaturbidite
'Type-Ice' megaturbidites comprise dominant medium/coarse sands to pebble size clasts,
although a finer mud top may be present. Lowe (1979; 1982) reported and developed the facies
model for the sedimentary divisions and structures often present in these megaturbidites, (see
Figures 7_19 and 1_8).
Type-locations: Ancient record 'Type-I^' megaturbidites have been described from the Eo-
Miocene flysch of central Croatia (Marjanac 1996) and the Miocene Doumsan Megabed of south¬
east Korea (Chough et al, 1990), both of which have graded basal units overlain by thick
ungraded sandstones. The coarse-grained sand unit of the Cascadia Channel forms the only
known case from the modern ocean record.
C) 'Type-Imb'- Massive Bed
'Type-IMB' Massive Beds are noted to be uniform, structureless sediments that consist
predominantly of one grain-size fraction. Grain-size distribution reflects the sorting of sediment
that is supplied to the shelf and slope environments to be resedimented by turbidity current flows.
?A thorough study of deep-water massive sands has been carried out recently by Stow and
colleagues (e.g. Stow et al., 1995; Stow & Johansson, 2000) mostly based on ancient outcrop
examples. They demonstrate that many such sand units were deposited by sand-rich mega-
turbidity flows or in some cases by the amalgamation of several thinner turbidites. In other cases,
the depositional process may have been a sandy debris flow. Their general lack of sedimentary
structures and very limited grading of grain-size distinguish massive beds here from fine-medium
grain-size and coarse grain-size megaturbidites. Evidence and analogues from the modern ocean
processes have proved more difficult to observe (but see Stow & Johansson, 2000). The 'massive
sand' blanket term has been used to classify many thick, quasi-homogeneous sand units whose
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depositional characteristics are difficult to determine (Stow et al, 1995). However, their
importance has been recognised by the petroleum industry as they form excellent sandstone
hydrocarbon reservoirs (Alba Formation, Bray Formation, Sognefjord Formation, etc., see Stow et
all, 1995).
Type-locations: Massive muds have been frequently cored in all of the world's major oceans and
descriptions may be found in the Ocean Drilling Program and Deep Sea Drilling Project volumes,
(Figure 75). Some of these thick beds have been attributed to large turbidity currents, whereas
the depositional process of others is not known. Ancient massive bed examples of Type-IMB'
megaturbidites are generally noted to be sandy, possibly due to the same reasons that there are no
'Type-IpG megaturbidites in the ancient record. Type locations include well-studied sections from
southern Europe, including the Contessa Megabed of the Marnoso Arenacea, North/Central
Apennines (Ricci Lucchi & Valmori, 1980; Ricci Lucchi 1995; Catlaneo & Ricci Lucchi, 1995;
see Figure 711 and Section 7.8) and the Gres d'Annot sandstones of the Annot Basin of the SE
French Alps.
The Annot basin comprises a section of 2700 m sands and shales (ratio 4:1) with correlation of
sand bodies over distances of upto 4 or 5 km (Ghibaudo 1995; Hilton 1995; Hilton & Pickering,
1995). Eo-Oligocene Gres d'Annot sandstones form a c. 600 m thick amalgamated sandstone
body, which commonly appears structureless or shows subtle grain-size changes (Hilton &
Pickering, 1995). Discrete, onlapping marginal bedding plains show that the sands range in
thickness from 5 to >100 m, with an average thickness of approximately 18.5 m. Other ancient
rock type locations for Massive Beds include the foreland basin megaturbidites of the Cloridorme
Formation, Quebec (Pickering & Hiscott, 1995), the Sivas sandstones of Anatolia (Cater et al.,
1991) and the Permian Tanque basin floor fans of South Africa (de Wickens & Bouma, 1995).
7.12.2
l Type-IP- Bi-Partite Megaturbidite
A 'Type-IP bi-partite megaturbidite consists of a megaturbidite underlain by, or directly associated
with, a second large-scale deposit, be it a debrite, slump or slide. This association may not be evident
in cores or cliff sections as the separate components may be separated laterally by some distance.
However, most case examples have a direct contact between the unit, otherwise may have been
interpreted as a 'Type-F megaturbidite and separate megabed. Two end members exist, those being
megaturbidites underlain by debrites or those underlain by slump/slides, classified 'Type-II^ and
'Type-IIs' respectively. 'Type-IF events may be further classified by adopting the nomenclature used
to describe the dominant grain-size of 'Type-F megaturbidites. Thus a 'Type-II^pg megaturbidite
would denote a bi-partite deposit comprising a debrite overlain by a fine to medium grain-size
megaturbidite.
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A) 'Type-IID'
- Bi-partite Megaturbidite
The lowest division present in this bi-partite megabed is a chaotic debris flow deposit. The
debrite either passes into a coarse or fine to medium grain-size turbidite.
Type-locations: The Gordo Megabed represents one of the most-studied and striking examples
of a bi-partite megaturbidite from the ancient record. The megabed is 40 m thick with a
predominantly sandy megaturbidite and may therefore be classified as a 'Type-IIp^c'
^megaturbidite, (see Figures 7_4 and 7_7). Other locations include the Missaglia Megabed of the
Bergamo Flysch, Northern Italy, which comprises a chaotic debrite overlain by a coarse-grained
megaturbidite (Bernoulli et al., 1981), the Cow Head Group megaturbidite (Hiscott & James,
1985), three of the nine Dalmatian megaturbidites (Marjanac, 1996) and one of the five Basco-
Beanaise megaturbidites (Souquet et ah, 1987). This study has introduced the Pantelleria Trough
Megabed, which has 7.5 m fine to medium grain-size megaturbidite underlain by an 8.9 m
pumiceous debrite (see Chapter 6).
B) 'Type-IIs' Bi-partite Megaturbidite
A slump or slide megabed rather than a debrite underlie or is directly associated with this type
f;of megaturbidite.
Type-locations: The most historically recent case of megaturbidite emplacement may be
classified as a 'Type-IIs' deposit. An earthquake in the Grand Banks region in 1929 triggered the
movement of a large slide on the continental slope of Greenland and emplaced a megaturbidite on
to the Sohm Abyssal Plain, (Heezen & Ewing, 1952; Kuenen 1950; Piper & Aksu, 1987). This
megaturbidite has a dominant medium grain-size fraction, although much of the mud fraction is
believed to have been removed by the strong Western Boundary Current during deposition, (Piper
& Aksu, 1987). The 12 ka BP Canary Debris Slide on the NW African Atlantic margin has an
associated 5 metre thick fine-medium-grained megaturbidite division (turbidite 'b'), seen in cores
recovered from the Madeira Abyssal Plain (Weaver et al., 1992; Rothwell et al., 1992).
Other than the two cases mentioned above, there are few reported examples of megaturbidites
with associated slides, although the Empozada formation megaturbidite (Heredia & Gallardo,
f=1996) and the Roncal Unit of the Pyrenean Hecho Group (Rupke 1976, Johns et al., 1981;
Labaume et al., 1987) contain units with extremely large olistoliths. Their emplacement
^mechanisms are interpreted differently by the various authors involved (see 'Type-IIF
megaturbidite discussion below).
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7.12.3 lType-IIP
- Composite Megaturbidite
The final type of megaturbidite/megabed association comprises three distinct divisions, showing a
decrease in the internal coherence of the depositing flow from base to top. Basal units are interpreted
as slumps or slides, often containing lithified slabs of sediment. Above is a gradual transition to a
debris flow deposit, demonstrating matrix support of polymict clasts. The uppermost unit is the
megaturbidite, be it dominated by fine to medium-grain, coarse-grain or a massive sediment. Given
the number of processes involved during deposition of a 'Type-IIF megaturbidite, the end deposit
forms a massive volume and thickness. Additionally, its composition may be of mixed origin, as the
slide, debris flow and turbidity current can erode a large area of the continental slope. The formation
of such a composite deposit is shown in Figure 73, together with the ideal sequence (see also Figure
719). However, a search of megabed literature has not uncovered any composite megaturbidites in
the geological record. Some of the poorly documented examples, such as the Empozada Formation,
mention megaturbidites in association with olistostromes and olistoliths, but neglect to detail their
exact relationship or the depositional processes involved. Schematic models presented by Mulder &
Cochonat (1996; shown in Figure 77) depict a multi-phase flow, but their study of over 100 offshore
mass movements did not describe an occurrence equivalent to a
' Type-IIF megaturbidite. This may
be due the general lack of drilling and coring at the base of continental slopes.
The continuum between the processes most probably exists, but due to interpretation and partial
exposure of the end members their occurrence in the geological record has not been noted. Many of
the examples of megaturbidites noted in this dissertation, including the HBM and the Pantelleria
Trough Megabed, may have followed the evolution of a mass-wasting event from slump/slide to
debris-flow and finally turbidity current. This is particularly evident when it is deemed unlikely that
the huge volumes of sediment noted in some 'Type-F megaturbidites would have formed wholly from
single, non-associated turbidity currents. Whether that event is preserved or noted in the geological
record and can be related directly to the megaturbidite is a different matter. Nevertheless,
approximately half of the documented cases of megaturbidites in the geological literature show some
affiliation with other underlying megabeds, in the most part debrites. It is be possible that some of
these cases have slump/slides associated that have not been exposed or have been interpreted as being
deposited during separate events.
Possible 'Type-Ill' Megaturbidites
One possibility for the recognition of 'Type-IIF megaturbidites is in the re-analysis of existing
documented examples. A number of examples in the literature have only been interpreted by one
geologist or scientific party. As in many geological topics, the most productive analytical work
evolves from discussion between two parties. Such an example exists in the megaturbidite topic, with
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Rupke (1976) describing one 200 m thick Hecho Group beds as representing a megaturbidite
overlying a slump ('Type-IIs), whist John et al. (1981), Seguret et dl. (1984) and Labaume et ah
(1987) have argued that the entire thickness was deposited by a mega-turbidity current ('Type-leg).
The disaggregated nature of the sedimentary components and an absence of a mud matrix support
evidence for purely mega-turbidity current transport of these events. Additionally, the geometry of
the unit did not suggest to the John, Seguret and Labaume scientific parties that either slump, slide or
debris flow units were present.
There is scope that some of the interpretations on the formation of these large-scale events may
change with further investigation and understanding of the processes. It is fairly likely that, given
continued research, there will be reported cases of 'Type-IIF megaturbidites in the literature, either as
new case studies or reinterpretation of documented examples. Targeted drilling/coring sites at the
$>ase of continental slopes may increase the possibility of revealing 'Type-Ill' megaturbidites. Such
an area might be the base of the Libyan/Egyptian slope adjacent to the Gulf of Salüm, to reveal
whether there are slumps, slides and debrites associated with the Herodotus Basin Megaturbidite.
^7.12.4 Summary ?
This first attempt to classify megaturbidites and associated megaturbidites by their position within
basin stratigraphy has demonstrated that an accurate and meaningful classification is dependent on a
number of important factors.
1) Interpretation of the depositional mechanisms are determined by the subjective description of the
geologist, with the very same unit possibly described as a debrite by one author and as a slide by
another. For example, for the purpose of this classification, the Gordo Megabed comprises
sediment deposited by two main flow-processes. These are a debris flow and a coarse-grain
turbidity current. However, Kleverlaan (1987) notes that the megabed has four units, describing
the basal unit as a debrite (see Figure 7_4). Other geologists may be inclined to interpret the large
blocks within the basal unit as forming from a slump or possibly a slide, as was the case with the
interpretation of the Roncal Unit of the Hecho Group of the Spanish Pyrenees. Indeed,
examination of the Gordo Megabed at one particular location led Stow (pers. comm.) to interpret a
disturbed unit beneath the megabed as the coupled slide/slump base. Hence, there is scope to
interpret the deposit as a 'Type-Ill' megaturbidite.
2) It is not always clearly stated why the geologist has interpreted a deposit as a megaturbidite. Often
the geometry of the deposit is not given nor the association with other megabed processes, making
classification very difficult.
3) Interpretations are normally based on localised outcrops or a few cores and seismic coverage.
This classification is dependent on factors that, from core, outcrop or seismic profiling, there is no
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evidence of associated underlying slump/slide or debrite deposits. Once again, these deposits
may have been noted on the flanks of the basin but were thought not to be directly associated with
the thick and large volume megaturbidite on the basin plain.
Therefore, the classification in this section is only seen as a first attempt to qualify megaturbidites
noted in the ancient and modern ocean records, and requires an audit from the respective authors of
each of the events summarised in Tables 7_1 and 7_5. Hence, using the evidence presented in some
of these events may have been placed into the wrong classification.
Megaturbidite
'Type I'
'TypeIID'
'Typells'
'Type IIP
Dominant Turbidite Facies Model
Fine-Medium
(Stow-Bouma)
Angola Basin
Balearic A. P
Black Shell Megaturbidite
Cuban Megaturbidites
Dalmatian Megaturbidites
HBM
Horseshoe A. P.
Madeira A. P. (T)
Mississippi Megabed
Pantelleria Trough
Madeira A. P. ('b')
Hecho Group?
Mis-interpreted?
(Gordo reinterpreted?)
Coarse
(Lowe)
Cascadia Channel
Dalmatian Megaturbidites
Doumsan Megabed
Maulcon Flysch
Orlando Megabed
Sekwi Formation
Taveyannaz Sstn
Gordo Megabed
Basco-Beanaise
Exuma Sound
Missaglia Megabed
Empozada Formation
Grand Banks
Roncal Unit
Hecho Group?
Mis-interpreted?
(Gordo reinterpreted?)
Massive Beds
Contessa Megabed
Gres d'Annot
Sivas Basin
Turrito Layer
DSDP
ODP
(see cases in Stow &
Johansson, 2000)
?
?
'?
Table 7_5 Classification of some of the type-location megaturbidites mentioned in this dissertation. Events are
noted to be lacking from 'Type-IIS_FQ, lType-III' and megabed associated Massive Bed megaturbidites.
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7.13 Environmental Impact & Industrial Importance of Megaturbidites
To date, there have been two publications concerning the properties, characteristics and
importance of megaturbidites in the stratigraphic framework of sedimentary basins. Both have
resulted from international scientific meetings during which specific symposia were held, dedicated to
the advancement in understanding these large-scale events. The 1984 special publication of the
Marine Geology (volume 55, edited by Maria Cita, Milan University) and the 1987 publication of
Geo-Marine Letters (volume 7, number 2, edited by Arnold Bouma, Louisiana State University) will
be complimented by a forthcoming publication following a recent symposium in Alicante, Spain (see
Appendix E2 for abstract). Understanding these catastrophic but informative events is important to
both the environment and the energy industry.
7.13.1 Environmental factors
The megaturbidite processes can have unparalleled effects on the marine ecosystem, rarely
equalled on earth except by large eruptive, collision and seismic events. These large destructive
events may eliminate the benthic community of the basin floor or contrarily replenish organic carbon
supplied from the shallower water sediment source allowing communities to thrive (Rothwell et al,
1998).
The process of megaturbidite deposition can have farther reaching effects. The combination of
catastrophic submarine mass-movement and an associated megaturbidite has been reported to be a
cause for initiating destructive tidal waves. Tsunami sites associated with mass-movements have
been reported in the eastern Mediterranean from the Bronze age (Minoan) Santorini volcanic eruption
(Cita et al, 1996), on the coast of eastern Scotland from the Storegga Slides (Dawson et al, 1988),
deposits in Newfoundland after the 1929 Grand Banks Earthquake (Heezen and Ewing, 1952) and
south-eastern Australia from the Lanai (Hawaiian island) submarine slide (Young & Bryant, 1992). It
is unknown whether the tsunami is a product of the downslope event or the possible seismicity
associated with the event.
On a global scale megaturbidites and other associated mass movements may be a cause for the
release methane into the atmosphere having a profound greenhouse impact (Nisbet & Piper, 1998).
7.13.2 Industrial Importance
The destructive power of megaturbidites and megabeds has been noted with the breaking of
submarine communication cables from the Magdalena River, Orleansville and Grand Banks events
(Heezen 1956, Heezen & Ewing, 1952; Heezen et al, 1954). Therefore, recognition of the
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occurrence of such events and the general interpretation of the regional stability aid the planning and
placement of cables, pipelines and sub-sea petroleum intallations. Some of the megaturbidites
mentioned in this chapter were sourced from continental margins that have petroleum industry
activity. These cases include Newfoundland, Angola, the Nile Fan, the Mississippi Cone, the Bengal
fan, the Brazilian Atlantic seaboard and several others. The relationship between oil, gas and
condensate discoveries and the instability of the continental margin is one that has been recognised by
the petroleum industry. This vigilance will need to continue as the emphasis of oil exploration and
exploitation moves to the realms of the deep ocean.
During the 198O's the petroleum industry became increasingly aware of the importance of
megaturbidites, as they often form traceable chronostratigraphic marker beds across the basin, are
excellent stratigraphic marker beds and, when containing sandy basal fractions and associated with
similar horizons, they may become potential hydrocarbon reservoirs (Doyle 1987). Further
investigation into particularly the lType-IMB' megaturbidites, which comprise massive sands or muds,
may possibly aid the palaeo-geographic interpretation of these anomalous sands in some of the
world's petroleum reservoir plays.
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part I!: Regional Synthesis
The geology and sedimentology of the two regions of the Mediterranean studied in this thesis
have been discussed in detail in Chapters 2 to 6. It is evident that, from the sediments and processes
noted in this study, the late Quaternary geological evolution of these regions is different. This
section synthesises the key processes influencing the two study areas during the late Quaternary and
presents a summary for the interaction between the regions.
7.14 The Eastern Mediterranean
Chapters 2, 3 and 4 have shown that the Herodotus Basin of the Eastern Mediterranean is
influenced by global and regional climate and by tectonic evolution of the basin. A synthesis of the
prominent features and controls affecting the evolution of the Herodotus Basin is presented in Figure
7_20.
The closure of the Tethys and continued collision between the African and Eurasian plates has
given the Eastern Mediterranean Sea a characteristic belt of deformation along its centre, effectively
dividing the basin into two separate regions. To the north of the Mediterranean Ridge are the
emergent Hellenic Islands and the deep Hellenic Trough Complex. To the south of the division are
steep slopes, narrow shelves and depressions along the Libyan and Egyptian margins. During the
geological time period studied in this dissertation, the divided northern and southern regions can be
seen to have very little sedimentological effect on each other. Evolution of the Herodotus Basin is
characterised by cyclic patterns of allochthonous sedimentation from the organic-rich Nile Cone and
the carbonate-rich shelf and slope to the west. This pattern, or cyclothem, is controlled primarily by
variations in climate, on both a global and local scale. Periods of high temperature and stratification
of the water column coincide with reduced allochthonous sedimentation from the Nile Cone and
Libyan/Egyptian sources, as increased primary productivity and/or stagnated bottom waters
deposited organic-rich sapropels.
The Herodotus Basin can be considered to be 'underfilled' in relation to other basins in the
vicinity of larger sedimentary fans, partly due to entrapment of sediments during growth of the of
the Nile Cone and tectonic subsidence of the Southern Trough Complex. The relatively planar
surface of the basin has been maintained by basin-wide sedimentary events from both the Nile Cone
and, more notably, the Libyan/Egyptian shelf and slope. These mass-flows have interacted with the
Mediterranean Ridge and smaller deformation ridges on the northern flank of the basin, giving an
unique insight into the properties of such catastrophic events. Emplacement of the Herodotus Basin
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Hellenic Trench Complex
A deep catchment depression acting as an
obstacle to sedimentation from the
Aegean/Eurasian margin reaching the
Herodotus Basin
Currents
Eastwards transport of sediment
across the Herodotus Basin by
counter-clockwise gyre.
Mediterranean Ridge
Deformation on this structure gives the distinctive
cobblestone topography and alignment of ridges and
troughs in a NE-SW orientation
Debrites
Locallised plastic-mechanism reworking of sediment on
the southern flank of the Mediterranean Ridge creating
thin (<lm) debrites and a minor sediment source.
Herodotus Basin
Delineated by the 3000 m isobath the basin covers an area of
approximately 28,000 km2, although the area of ponded
sediment is in the order of 40,000 km2.
Gulf of Solum
Postulated source for the 400 km3 Herodotus Basin
Megaturbidite. The funnel-shaped embayment is
situated at the SW end of the Herodotus Basin and
has an area calculated at c. 325 km2.
Figure 7_20
SYNTHESIS OF SEDIMENTARY AND GEOLOGICAL PROCESS OF THE SOUTH¬
EASTERN MEDITERRANEAN DURING THE LATE QUATERNARY
36N
Tectonism
Tectonic plate collision between African and Eurasia
created oversteepening of the Northern African margin
during the late Tertiary and the formation of the
Southern Trough Complex between the steep slope and
gently-domed Mediterranean Ridge.
36N
NE African Margin
Steep slopes and narrow shelf provides
the source for Type-B turbidites,
comprising a calcium carbonate
percentage of upto 50%, a clay
mineralogy with equal proportions of
smectite and illite (c. 40%) and a
sedimentary budget of approximately
40 cm/ka for the past 27,000 years.
River Nile
Climatic changes over the Eastern
Mediterranean and the Nile drainage
basin affect the sediment input into the
Herodotus Basin. An alternation
between Nile-Cone 'Type-A', carbonate
shelf 'Type-B' and Anatolian Rise
'Type-C turbidites result in
recogniseable cyclothems.
Anatolian Rise
The occurrence of three carbonate-rich turbidites in
core LC30 with a similar composition to but not
related to the NE African margin, suggests
derivation from the Anatolian Rise. Forming a
cumulative volume of c. 12 km3, the budget for this
source is 1 cm/ka
Basin topography
A notable increase in deformation of the NE region
of the Herodotus Basin has given 500 m high
ridges and ponding of the HBM. Interaction with
this topography by both Nile Cone and African
Shelf/Slope turbidites is evidenced in both core and
3.5 kHz seismic profiles.
Distributary channels
Lower sedimentary supply to the Herodotus Basin
by this highly deformed portion of the Nile Cone.
The deformation acts as a barrier for further
downslope sedimentation and traps sediment
transported eastwards by
Mediterranean current circulation.
the Eastern
Herodotus Basin Megaturbidite (HBM)
Imaged as an Acoustically Transparent Layer on the seismic profiles, this huge, single event is
seen to be over 16 m thick in core LC24 and over 11 m thick 325 km away in LC30.
Sedimentary structures and textures reveal an interaction with basin topgraphy during the
emplacement of this 400 km3 unit. This catastrophic event has been dated at 27.1 kaBP and
dominates the basin stratigraphy.
Sandy lobe encroachment
The Nile Cone is seen on low-penetration, high-
resolution 3.5 kHz profiles to be encroaching onto
the southern-most region of the basin.
Rosetta Fan
The main source for 'Type-A' turbidites,
this region has a high smectite clay
mineralogy (c. 80 %) and is characterised
by sediments comprising abundant
quartz, mica, petropods and organic
faunal detritus. However, each turbidite
sourced from this region has a unique
geochemical 'fingerprint' allowing
accurate correlation of the approximate
500 km3 of sediments emplaced during
the last 27 ka. This gives a sedimentary
budget of approximately 45 cm/ka.
Damietta Fan
Lower sedimentary supply to the
Herodotus Basin by this highly
deformed portion of the Nile Cone.
The deformation acts as a barrier for
further downslope sedimentation and
traps sediment transported eastwards
by the Eastern Mediterranean current
circulation.
Depocentre
The main entry point into the
Herodotus Basin for turbidites
derived from the Nile Cone is noted
around core site LC29, where 'Type-
A' turbidites are at their greatest
thickness.
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Megaturbidite has been dated at 27.1 kaBP, which was during the beginning of the last sea-level
lowstand. However, the exact nature of the climate/sea-level trigger and/or the influence of tectonic
activity in the SW Levantine Sea cannot be resolved.
7.15 The Sicilian-Tunisian Platform
Chapters 5 and 6 have demonstrated the control that global and regional tectonism, physiography
and climate can have on sedimentary processes and sediment distribution across a shallow, faulted
platform. A summary of these processes and controls is presented in Figure 7_21.
An intimate relationship of natural and geological processes has affected the late Quaternary
sedimentation and evolution of the Sicilian-Tunisian Platform as interpreted from the MD81 an
associated data. Tectonic compression and rotation of the region has created a topographic barrier
that divides the Eastern and Western Mediterranean Basins. Incision of this platform by deep
troughs, caused by the rotation of the Messina microplate, has created en-echelon depressions that
together make up the Sicilian Gateway. The scenario is further complicated by climatic control of
oceanographic currents across the platform, forming scours, heightened sedimentation rates in the
form of contourites and interaction between alongslope and downslope sedimentary processes.
These heightened rates are proposed here to relate to the lofting of bottom currents on incidence with
obstacles on the trough floors. Large-scale turbidity currents are recorded in the late Pleistocene
stratigraphy with the presence of the Pantelleria Trough Megabed, demonstrating an important
relationship between volcanic activity and mass-flow events. Instability at the deep trough margins
is represented by the volume (Pantelleria Trough) and frequency (Malta Trough) of gravity flows,
the differentiation of which noted in the characteristic seismic profiles obtained across the two
depressions.
Slower sediment accumulation on the flanks of the Sicilian-Tunisian Platform has allowed a
glimpse further back into the geological evolution of the region, and particularly emphasises the
'background' or normal sedimentation processes. An absence of allochthonous turbidites and
debrites shows that the occurrence of these event processes (triggered by explosive volcanism or
otherwise) are relatively localised across the platform. Tephra and sapropelic horizons indicate
periods of subaerial eruption at the local volcanic centres and sapropels reveal that stagnation of the
Eastern Mediterranean has occurred on numerous occasions. The eastern-most flanks of the Malta
Sill, on the steep-sided Malta-Sicily Escarpment, delineate the approximate boundary between
oxygenated and anoxic water columns during Sapropel formation.
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Sicily Sill and Narrows
The western margins of the Sicilian-Tunisian Platform are
characterised by a gentle slope, dipping NW to the
Sardinian Rise and Ballearic Abyssal Plain. Sedimenary
processes
are dominated by hemipelagic settling, current
induced scouring and occassional gravity flows from the
Tunisian margin. Interaction between downslope and
alongslope processes may be interpreted in core LC7.
Eastward transportation
The prevailing winds from the east transport desert sands
from the North African continent, together with eastwards
flow of the Atlanic Water current across the platform (upto
30 cm/sec).
Sicily Strait
The narrowest part of the paltform, characterised by the
scouring caused by deep westward flow of the dense,
cooler Levantine Intermediate Water (5-10 cm/sec).
Volcanism
The volcanic islands of Pantelleria and Linosa create
ash layers in the Central and Eastern Mediterranean
and influence local basin sedimentology.
Pantelleria Trough Megabed
An Acoustically Transprent Layer on the 3.5 kHz seismic
profiles denotes the presence of a large-scale gravity event.
The sediment core LC8 shows the presence of a bi-partite
megaturbidite, with a volume estimated in the oder of 30
km3. The 16.4 m thick unit (8.9 m thick debrite and 7.5 m
thick turbidite) is related to volcanism on the nearby island
and includes some redeposited material from the dated 45
kaBP 'green-tuff pumiceous volcanics. The basal debrite
contains pumice and carbonate clasts in a dark-grey mud
that correlate with pumiceous tephra on Pantelleria dated at
around 35 kaBP. The triggering of the Megabed is thought
to relate to the subsequent phase of volcanism on
Pantelleria, during the eruption of the Montagne Grande
complex.
Figure 7_21
SYNTHESIS OF SEDIMENTARY AND GEOLOGICAL PROCESS ACROSS THE
SICILIAN-TUNISIAN PLATFORM DURING THE LATE QUATERNARY
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Complex tectonic framework
Collison of the Eurasian and African plates has
uplifted this region, forming a broad, shallow
platform. Rotation of the platform under the
compressive regime has created the Messina
microplate and a series of en-echelon, strike-slip,
pull-apart troughs. The steep-sided flank? of the
Pantelleria, Malta and Linosa troughs form the
main sources for basin fill.
Water mass exchange
The exchange of the Atlantic and Levantine
Intermediate Waters across the platform has a far
reaching effect on the Mediterranean, particulalry
with the transportation of sediments to the Western
Mediterranean. Seismic profiles have shown that
these sediments are plastered against the eastern
slopes of Sardinia and Elba and northern Sicily.
Heightened sedimentation rates
The hemipelagic sediments of the Pantelleria and Malta Troughs have contrasting characteristics to those seen
on the flanks. Alternation in sediment colours and an abundance of burrowing fauna are commonly present
but the trough sediments contain small-scale, semi-pervasive scours and high-sedimentaton rates. These
sediments are distinct from homogeneous mud turbidites seen in the cores and show accumulation rates in the
order of 30 cm/ka. This high rate is suggested to be due to lofting of sediments transported by the Levantine
Intermediate Water and from higher primary productivity rates caused by nutrients supplied in this cold,
denser water mass.
Malta Trough
The deepest bathymetries across the platform are seen in
the Matla Trough at over 1700 m. The sedimentary fill of
this narrow trough is characterised by thin, basin-wide,
carbonate-rich turbidites. The seismic profiles show
multiple, sub-parallel reflectors, suggesting that most
gravity flows from the steep carbonate flanks result in
extensive transport of sediment.
Sicilian Margin
Sediments from the island of Sicily are entrapped in the
Gela foredeep and the Adventure Bank and are prevented
from reaching the trough complex. The bathymetry of this
intermediate region is characterised by many sub-vertical
fault-blocks, in which the continental sediments are
ponded.
Western Sicily-Malta Sill
The eastern margin of the Sicilian-Tunisian Platform is
delineated by the steep-faulted Sicily-Malta Escarpment.
Gravity flows from this margin are noted on the Ionian
Abyssal Plain, but core site LCIO shows a low amount of
resedimentation. Its location on a small knoll on the flank
of the escarpment has recorded the 'background'
sedimentology for the past approximately 500,000 years.
Characterised by hemipelagic settling, the accumulation
rates of 2-5 cm/ka include dateable horizons such as
volcanic tephra, micropalaeontological events and
sapropels. The 6 Saproples record periods of water column
stratification and are only seen in this core, suggesting that
this bathymetry and location form the approximate eastern¬
most extent of Eastern Mediterranean anoxia.
Sicilian Margin
Mass-movements on the steep slopes of the troughs are
noted on seismic sections and are interpreted as slumps and
slides. Core evidence suggests that allochthonous
sedimentation showing little disaggregation is present in
core LC9, with the presence of a 1.9 m thick unit that
contains small-scale, extensional faulting.
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7.16 The Mediterranean Sea
Evidence from deep-penetrating cores (DSDP and ODP) and deep-seismic profiles indicate that
the sedimentary processes noted in this study are representative of the two study areas over many
millions of years of geological evolution (Ryan, W. B. F., Hsu, K. J., et al., 1973; Hsu, K. J.,
Montadert, L., et al., 1978; Kastens, K. A., Mascle, J., et al., 1990; Emeis, K., Robertson, A. H. F.,
Richter, C, et dl., 1996). Each region has been influenced by an unique combination of processes,
creating the discrete patterns of sedimentation noted in the MD81 cores and seismic profiles. Despite
their physiographic differences and contrasting geological evolution, the Sicilian-Tunisian Platform
and the Southern Trough Complex share several common features and attributes. The similarities
and differences between the two regions are summarised in Figure 7_22.
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Climate
The climate across the Mediterranean during
the late Quaternary may be considered to be
extremely similar for the Sicilian-Tunisian
Platform and the Herodotus Basin. Forced by
global events, similarities may be seen in the
climatic signatures noted in the foraminferal
assemblages of hemipelagic sediments.
However, the climate has affected the regional
sedimentology and dispersal of sediments
differently for each of the areas, invoking
diverse sedimentological processes across the
basin.
Of particular note across the Sicilian-Tunisian
Platform is the easterly prevailing wind,
distributing desert sands and important,
dateable tephra layers towards the Levantine
and Ionian Seas.
The slightly warmer climate of the Eastern
Basin has resulted in the heightened
evaporation across the region and the creation
of an anti-clockwise current circulation, as the
denser water sinks, forming the Levantine
Intermediate Water.
Figure 7_22
INFLUENCES ON SEDIMENTATION IN THE
MEDITERRANEAN DURING THE LATE QUATERNARY
Differences and Similarities between the Eastern and Central Mediterranean
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in the late Quaternary stratigraphies.
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Although river systems did exist on the margins of Tunisia and Sicily, their discharge did not
greatly effect the sedimentological processes or composition of the Sicilian-Tunisian Platform.
Most terrigenous sediments were trapped on the broad shelf, giving a dominant carbonate
sedimentology.
The River Nile, together with smaller rivers on the Libyan margin, has dominated the
sediment input into the Eastern Mediterranean Basin. Influxes of terrigenous, organic-rich
detritus indicate periods of climatic control and of tectonic uplift of the Egyptian hinterland.
Tectonism
The structural framework of both regions is directly related to the compressive tectonism
caused by the collision of the African and Eurasian plates. However, the resulting diversity in
structures of the two study areas has influenced the processes and patterns of sedimentation,
making the architecture unique for both regions.
Compression with rotational extension created the deep, intra-platform troughs and the steep
slopes leading to the Balearic and Ionian Abyssal Plains. Oversteepening of trough and
escarpment flanks led to instability and the emplacement of mass-wasting events into the
deeper water environments.
Compression and subsidence of the offshore region along the Libyian/Egyptian margin
culminated in the creation of the Southern Trough Complex and accommodation space for
the Nile Cone.
Oceanography
Sharing the same oceanographic regime,
the water-mass exchange between cool,
dense Levantine Intermediate Water and
warmer, less-saline Atlantic Water, the
sedimentology of the Mediterranean has
been affected across both regions by
varying amounts.
The focus of the water-mass exchange
across the platform has led to scouring,
contourite deposition, process interaction
and onward dispersal of sediments to the
Eastern and Western Mediterranean
Basins. The platform also acts as a barrier
to basin-wide stagnation, limiting Sapropel
formation to the Eastern Mediterranean.
To a much lesser degree, the eastwards
current across the Herodotus Basin and
Nile Cone has transported sediment to the
Damietta Fan, where it was subsequently
trapped within the deformation ridges and
troughs covering the structure.
Geomporphology
The different tectonic regimes have
presented diverse geomophological
features across the two regions; all of
which affect the distribution of
sediments.
The Sicilian-Tunisian Platform is the
only region to have a volcanic
influence on the sedimentology, giving
both tephra layers and mass-wasting
on input of volcanigenic sediments.
Seismic activity is relatively infrequent
and of a low magnitude.
Ridges and troughs caused by the
structural compression of the region
have influenced the direction and
distribution of sediments entering the
Herodotus Basin. Possible seismic
triggering of sediment collapses along
the Libyan/Egyptian margin relate to
the emplacement of large-scale gravity
flows.
Summary
A synthesis of the two regions studied from
the Mediterranean Sea reveals that there
are several similarities and many
differences between them. This 'snap-shot'
of the geological influences during the late
Quaternary (from
~ 450 ka BP to present)
shows that, although affected by
approximately the same climatic and
tectonic regimes, the localised and regional
variations have altered the distribution of
sediments and controlled the proceses by
which they are transported and deposited.
The variety in mechanisms of sediment
accumulation and diversity of architectural
styles presented in this dissertation have
resulted from a multitude of catastrophic
and ongoing sedimentological processes.
Many of the processes active across the
regions today are directly comparable to
the geological dynamics prevalent over
many millions of years. The ease of
identification, 'text-book' characteristics
and interaction of these sedimentological
processes make both of the study areas
ideal locations for integrated-topic
research.
Sedimentology
The variation in climate, fluvial influence, tectonism,
oceanography and geomorphology between the Sicilian-
Tunisian Platform and the Herodotus Basin has
undoubtedly controlled the sedimentology of the late
Quaternary. Hiarachy in these controlling factors has
given the diverse sedimentological processes and
sediment distribution noted in this stduy.
The sedimentology of the Sicilian-Tunisian Platform is
influenced equally by the climate and tectonic structure
of the region, creating an expanse of local sedimentolical
environments controlled by the segmentation across the
platform and by local idiosyncrades. These micro-
enviroments are dominated by the platform-wide seismic,
geomorphologic and oceanographic controls.
Except for locallised debris flow collapses from the
Mediterranean Ridge, the sedimentology of the
Herodotus Basin can be seen to be on a truly basin-wide
scale. Virtually each sedimentological event may be
noted in each of the five long-piston cores, showing a
regional control, rather than localised environmental
influences.
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8.0 Introduction
This final chapter addresses the key points resulting from this thesis; summarising the analytical
techniques, regional sedimentology and concepts for depositional processes.
8.1 Conclusions of this Study
1. Geochemical fingerprinting of turbidites has been shown to be a highly accurate method for
correlating turbidite muds. Each mud fraction of a turbidite is seen to have a unique
geochemical signature, regardless of source and frequency of emplacement, allowing confident
correlation of allochthonous sediments across the Herodotus Basin.
The Eastern Mediterranean
2. The Herodotus Basin of the Eastern Mediterranean receives sediment from four sources, each
with discernible characteristic sedimentary textures and fabrics. The four sources are:
i) dark-coloured, organic- and smectite-rich, fine-grained turbidites derived from the Nile Cone
to the south and south-east of the basin,
ii) lighter coloured, calcium carbonate-rich, slightly coarser-grained turbidites from the
Libyan/Egyptian shelf and slope to the south-west,
Hi) pale, foraminifer and calcium carbonate-rich turbidites from the Anatolian Rise region to the
north-east, and
iv) small, localised debris flows from the Mediterranean Ridge to the north.
Two other sediment processes are recognised in the five Herodotus Basin long-piston cores,
namely dark, organic-rich sapropels, representing periods of water column stratification and
anoxia, and hemipelagites, identifying periods of solely background settling of fine-grained
sediments.
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3, Radiocarbon (14C) dating has allowed accurate calculation of the sediment flux for the four
sources. Sedimentation budgets for the last 27 ka have been calculated at 45 cm/ka for Nile
Cone 'Type-A' turbidites and 40 cm/ka for Libyan/Egyptian slope and shelf-derived 'Type-B'
turbidites, most of which comprises one large-scale event. The Anatolian Rise has supplied
very little to the Herodotus Basin during the late Quaternary, giving a low sedimentation budget
of 1 cm/ka across the 40,000 km2 basin. Small, localised debrites from the flanks of the
Mediterranean Ridge are difficult to correlate across the basin but are noted to be associated
with formation of dark, organic-rich sapropels during the last eustatic sea level highstand.
4. The latest Pleistocene allochthonous sedimentation on the Herodotus Basin (approximately 0-30
kaBP) has predominantly been controlled by the regional climate of the Eastern Mediterranean
Basin. The three turbidite sources follow a cyclic pattern (cyclothem) of supply to the basin,
which can be related to:
i) Regional climate, controlling surface water runoff from the hinterland and primary
productivity, particularly around the basin margins,
ii) Eustatic sea-level fluctuation, influencing location of sediment deposition, and
Hi) Geology and geomorphology of the sediment source area, determining composition, stability
and volume of sedimentary accumulations on the flanks of the Herodotus Basin.
5. Continued collision between the African and Eurasian tectonic plates, seen by formation of the
Mediterranean Ridge accretionary prism, has deformed the NW part of formerly planar
Herodotus Basin floor. Troughs and ridges resulting from this tectonic compression have
interfered with turbidity currents leading to ponding, upslope flow and reflection of the flows.
Core and seismic characteristics of this interaction include:
i) Disorganised sedimentary structures in the proximal turbidite, whilst more uniform
sedimentary structures are present distally,
ii) Repetition of sedimentary structural units as the flow is reflected from basin topography,
in) Fairly uniform characteristics of the turbidite along the Herodotus Basin axis, showing a
relatively tabular geometry and gently increasing proportion in thickness of fine grain-size
sediment with distance from source. Laterally, there is a notable decrease in mud grain-size
proportion on topographic highs,
iv) Rapid grain-size fluctuations on vertical turbidite profiles,
v) Shallow seismic profiles show onlapping of sediments onto deformation ridges,
vi) Ponding of turbidites in the small troughs between deformation ridges.
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j'he Central Mediterranean
6. Late Quaternary sedimentation across the Sicilian Tunisian Platform is in direct contrast to the
'basin-wide' processes of the Herodotus Basin. Creation of deep troughs within the broad,
uplifted platform has given localised sedimentary regimes, influenced by global climate changes
and on-going tectonic evolution,.-.';.
7. The deep Pantelleria and Malta Troughs are characterised by local gravity flows, reworking
sediments on the flanks of the adjacent islands. Shallow seismic imaging of the two sites
indicates a stark difference in dominant sedimentological processes; the Pantelleria Trough
dominated by a megabed flow and a high accumulation rate of contourite muds (circa 30 cm/ka)
and the Malta Trough by frequent emplacement of turbidites.
8. The Sicilian-Tunisian Platform controls the exchange of water masses between the Eastern and
Western Mediterranean basins. Levantine Intermediate Water (LTW), formed by evaporation
and sinking in the Levantine Sea, is channelled through the deep troughs, and is replaced by a
surface flow of Modified Atlantic Water (MAW). Flow velocity of the bottom current is
enhanced by the restricted topography, while interaction with local topographic barriers leads to
flow disturbance and enhanced mixing with the overlying water mass. The 16-30 cm/ka
sedimentation rates of hemipelagic/contourite accumulation are hypothesised here to be partly
due to upward mixing of the bottom nepheloid layer, introduced as a process called 'bottom
current flow lofting'.
9. Tectonic evolution of the Sicilian-Tunisian Platform has created two sills at its eastern and
western extremes. Dating of sediment using micropalaeontology, volcanic tephra and sapropelic
horizons has shown that these sediments lack gravity flow deposits and reworking of the
sediment, hence recording the 'background' sedimentology of the platform. The cored sites on
the Malta and Sicily Sill show mainly slow (2-5 cm/ka) hemipelagic sedimentation, being
influenced by bottom currents in the west and by basin stagnation and associated sapropel
formation in the east.
10. Interchange of LIW and MAW masses has had a notable influence on the late Quaternary
sedimentation and sediment distribution across the platform. As well as muddy contourite
sediment drifts from the Pantelleria Trough, the region shows evidence of souring of the seafloor
and a possible interaction of gravity (turbidity currents) and alongslope (contour/bottom current)
processes. This interchange is seen to have been reduced (if not ceased) during the repeated
Page 8-3Chapter 8- Conclusions
episodes of sapropel formation, where the Herodotus Basin and the rest of the Eastern
Mediterranean were affected by stagnation of the water column, but the Sicilian Tunisian
Platform and the Eastern Mediterranean remained ventilated. The Malta Sill represents
approximately the western cut-off point for the development of bottom-water anoxia and
sapropel deposition, as shown by the occurrence in core LCIO of only six or seven out of twelve
sapropel events.
Megaturbidites and Megabeds
11. The late Quaternary sedimentology of the Mediterranean is noted for the occurrence of large-
scale turbulent events known as megaturbidites, both in core section as thick sediment units and
as acoustically transparent layers (ATLs) on 3.5 kHz seismic profiles. Characteristics of the two
megaturbidites described in this thesis are:
i) grain-size and sediment structure changes in the Herodotus Basin Megaturbidite (HBM), with
some repetition of structural divisions,
ii) overall clear sand to mud grading in both the HBM and the turbidite fraction of the
Pantelleria Trough Megabed,
hi) down current decrease in sand division thickness of the HBM,
iv) uniform acoustically transparent layer of the HBM but an ATL and underlying chaotic,
strong reflector of the Pantelleria Trough Megabed. The ATLs of the Pantelleria Trough
Megabed and the HBM are correlated in depth to the homogeneous muddy turbidite units
only.
12. The Herodotus Basin Megaturbidite is calculated to be in the order of 400 km3 in volume with a
thickness of >18 m approximately 100 km from the postulated Gulf of Salüm source and over 11
m a further 350 km away in core LC30. The bi-partite (turbidite and debrite) Pantelleria Trough
Megabed has a volume of approximately 30 km3, estimated from its areal coverage on seismic
records and the 16.4 m thickness in core LC8.
13. Radiocarbon dating of the HBM, at approximately 27 ka BP, shows that it was deposited during
the lowering of sea level at the last glacial maximum. Tephra and micropalaeontological dating
of the Pantelleria Trough Megabed suggests a strong relationship between the deposit and
volcanic activity on Pantelleria Island approximately 35,000 years before present.
Page 8-4Chapter 8- Conclusions
14. In addition to the mixed carbonate/terrigenous composition of the HBM and the
carbonate/volcaniclastic composition of the Pantelleria Trough Megabed, two other examples of
megaturbidites have been noted in the cores and seismic profiles from the Marion Dufresne
cruise 81. The Sirte Abyssal Plain and Herodotus Trough of the Southern Trough Complex
contain evidence of the thick 3.5 ka old Minoan Homogenite, whilst the late Quaternary
stratigraphy of the Balearic Abyssal Plain (Western Mediterranean) is dominated by a 45,000
km3 megaturbidite. This dissertation has identified 32 separate locations worldwide, with some
basins containing multiple (up to 12) examples of megaturbidites in the stratigraphic record.
Many of these megaturbidites show a common association with other mass wasting units, such
as slides, slumps and debris flow deposits.
15. This thesis suggests the following use of the nomenclature for megaturbidites and megabeds;
i) Megaturbidite- a generic term that describes a thick or large-volume, graded sedimentary
unit that was deposited by a turbidity current.
ii) Megabed- a non-generic term that may include very big, thick units and beds for which the
depositional process is a combination of discrete processes or is unclear. The term should
not include any deposit that may be interpreted solely as a megaturbidite but may include
composite slide/debrite/turbidite deposits.
Hi) Other Terminology- it is suggested that terms such as Seismite, Seismaturbidite, Unifite and
Homogenite are discontinued from use in the literature. This is because Seismites and
Seismoturbidites suggest triggering of the turbidity current by seismic activity but
undoubtedly describe a very high proportion of turbidites seen in the sedimentological
record, and to which the term 'turbidite' would suffice. Similarly, the terms Unifite and
Homogenite are tied to processes that are very debatable.
16. In many cases of megaturbidite description, the deposit may comprise additional units that show
transportation by non-turbulent gravity flows. Megaturbidites are seen to be directly associated
with other debris flow, slump or slide megabeds, often interpreted as occurring quasi-
simultaneously as one huge mass-flow event. It is possible to construct an 'idealised sequence'
for a megabed, such that the relatively undisturbed internal structure of a slump or slide may be
contrasted with the overlying plastic deformation of a debrite and the subsequent grading of a
turbidite. However, separation of this sequence may occur and its recognition may not therefore
be apparent in the stratigraphy of a basin, particularly in unconfined basins.
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17. The geometries of megaturbidites from the modern-ocean and ancient rock records vary
considerably. Volume and areal extent are controlled by:
i) Mapping: The modern ocean megaturbidites may be accurately traced over huge areas using
high-resolution and deep seismic profiling. Many of the ancient megaturbidites can only be
traced for limited distances in two dimensions and calculation of their geometries is difficult.
ii) Basin Setting: In a tectonically active basin setting the occurrence of earthquakes is likely to
cause more frequent, localised turbidites. Consequently, when a larger shock initiates a
mega-turbidity current, the volume may be smaller than those from a more passive margin
due to the reduced amount of accumulated sediments in the active setting.
Hi) Basin Geometry: Modern ocean megaturbidites are generally deposited in open basins or
basins that are large enough to accommodate a huge amount of material. Ancient
megaturbidites, located predominantly in compressive settings, may be ponded in the
confined spaces giving reduced areas but proportionally much larger thicknesses.
iv) Basin Preservation: Present-day deep oceans have generally experienced limited
deformation, and preservation of the stratigraphy is, therefore, typically high. However,
ancient megaturbidites, having experienced thrusting and shearing, may have partial
preservation due to the deformation and erosion of the stratigraphy.
18. Using the results of the average geometries from megaturbidites reported in this dissertation,
approximate figures can be assigned which govern when a large turbidite may be described as a
'megaturbidite.'
Thickness: If volume can not be calculated a threshold thickness of >3 m should be used, as the
average maximum thickness for ancient-rock and modern-ocean megaturbidites is 35 m and 9
m respectively.
Volume: Where the volume is calculable it is proposed that the threshold for megaturbidite be
given at >5 km3, when it can be considered that the average volumes for modern ocean and
ancient megaturbidites are 160 km3 and 40 km3 respectively.
19. The triggering mechanism for a megaturbidite is very difficult to determine exactly, even with
radiocarbon dates or sediment facies suggesting associations with physical processes. Each
example must be considered individually to account for all possible combinations of triggering
mechanisms associated with the regional physiography.
i) Pantelleria Trough Megabed- the event has been related with some confidence to the
volcanic events on the island of Pantelleria. However, these events would have been
accompanied by seismicity that may have destabilised the slope sediments leading to the
catastrophic collapse.
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ii) Herodotus Basin Megaturbidite- the event has been dated as occurring approximately at the
last sea-level lowstand. However, this time constraint has not conclusively determined the
actual trigger mechanism. The most likely possibilities include seismic activity on the
oversteepened NE African slope, exposure of the shelf sediments during the lowstand, and
heightened sedimentation rates in the source region.
Hi) The variety of timing, types and settings for megaturbidites and megabeds suggest that no
one single mechanism is responsible for triggering such flows.
20. Massive volumes of sediment transported during a mega-turbidity current flow seem to permit
the events to travel increased distances, giving further opportunity for them to interact with
obstacles on the basin floor. The following qualitative characteristics were noted for mega-
turbidity flows in this dissertation:
i) Large-scale turbidity currents are able to flow upslope for extensive distances, even after
considerable interaction with topographic obstacles and barriers.
ii) Interaction between a mega-turbidity current and topography at the entrance to a basin plain
differs significantly from that in distal regions. Proximally, the interaction creates
disorganised sedimentary structures, whilst more uniform sedimentary structures are present
within the distal megaturbidite.
Hi) Reflection and velocity changes caused by incidence of the distal flow with topographic
obstacles may cause repetition of sedimentary structural units as the velocity of the flow
fluctuates.
iv) Megaturbidites with associated megabeds may show a distinct division between the two
sedimentary processes, with one process indicating possible interaction with topography and
the other showing relatively no influence from upslope or reverse flow conditions.
21. Physical flow processes of mega-turbidity currents are difficult to quantify due to the vast range
of sediment grain-sizes and presence or absence of sedimentary structures in the megaturbidite.
For example, the basin plain velocity of the HBM may have ranged in the order of 10 m/s for the
coarse-grain fraction but probably less than 0.5 m/s for the fine-grain mud fraction. This would
have affected the duration of the flow, with the coarse sediment travelling the 500 km onto the
Anatolian Rise in a few days to the finer fraction taking over a week to be deposited.
22. Megaturbidites noted in this dissertation and reported in the literature may be classified in
respect to their postulated mode of deposition and their stratigraphic association with other
synchronous megabeds. Where the literature permits, examples can be placed into three
megaturbidite types:
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i) 'Type-I' Megaturbidite, comprising solely a megaturbidite, be it dominated by fine to
medium-grained sediments ('Type-Ipc'), coarse-grained sediments ('Type-led or massive
sand or mud ('Type-lm').
ii) 'Type-W Bi-partite Megaturbidite, with either a plastic flow debrite ('Type-IIo') or
slump/slide ('Type-Hs') overlain directly by a turbidite unit. The turbidite may be classified
as above, relating to sedimentary structures and dominant grain-size of the deposit.
Hi) 'Type-HP Composite Megaturbidite, consisting of a slump or slide overlain by a debrite and
topped with a turbidite, giving the complete or 'idealised sequence.'
This classification is adequate for examples noted in the literature, although misinterpretation or
disagreements of the exact modes of transport depicted by the sediments may change the
classification of some events.
23. The present-day physiography of the Mediterranean Sea exhibits many of the same geological
processes noted in this study of the late Quaternary period. Ongoing climatic, oceanographic,
tectonic and volcanic activity has compartmentalised the Mediterranean Basin into smaller
discrete environmental settings. Variations in any one of these controlling factors may result in
cyclic or periodical changes in the style and dispersal of the allochthonous and autochthonous
sediments. Hence, the Western, Central and Eastern Mediterranean are affected by differing
amounts, creating many unique marine sedimentary environments over a relatively small areal
extent.
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Appendix A: Background Geology for the Eastern Mediterranean
The large foldout sheet to be used in conjunction with Chapters 2, 3 and 4 may be found in
the enclosure pocket at the back of this thesis.
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Appendix Bl.l: Herodotus Basin Abstracts
GEOSCIENCES 96 Conference at Warwick University, April 1996. Presentation:
Turbidites and Sapropels on the Herodotus Abyssal Plain
Reeder, M.,1 Rothwell, R. G.2 and Stow, D. A. V.1
1
Geology Department, University of Southampton, UK
2IOS, SOC, Southampton, UK
Five giant piston cores (14-36 m), recovered from a SW-NE transect along the Herodotus
Abyssal Plain in the Eastern Mediterranean, each reveal a similar and complex pattern of
late Quaternary sedimentation. Turbidites were supplied from two different sources-
terrigenous silty muds from the Nile and fine-grained bioclastics from the NE Libyan
margin. Thin and medium bedded turbidites dominate the upper parts of the section
(Holocene?) whereas only one or two very thick (>14 m) turbidites characterise the late
Pleistocene section. These large turbidites have been geochemically associated with the
North African margin. The megaturbidites show a distinctive acoustically transparent
signature on the 3.5 kHz ship-board soundings, allowing the extent of these flows to be
recognised. Intra-basinal debrites, hemipelagites and possible hemiturbidites have also
been identified. The SI Sapropel (5.5-9 yr BP) was deposited by part hemipelagic and
turbiditic processes. The sapropels and pelagic sediments form time references for dating
the emplacement of the turbidites. Chemo-stratigraphic methods have allowed a 'layer-by-
layer' picture to be constructed for the relatively unstudied Herodotus Abyssal Plain.
Subsequent publication of Herodotus Basin Paper
(Chapter 3.1 and Appendix B3, see enclosures)
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Appendix B1.2: Herodotus Basin Abstracts
British Sedimentological Research Group Conference, Dublin, December 1996. Poster:
Turbidite flux, architecture and chemostratigraphy of the Herodotus
Basin, Levantine Sea, south-eastern Mediterranean.
Mike Reeder1, Guy Rothwell2, Dorrik Stow1, Gisela Kahler2 and Neil Kenyon2.
'Department of Geology, University of Southampton,
Challenger Division for Seafloor Processes,
Southampton Oceanography Centre, Empress Dock,
European Way, Southampton, SO 14 3ZH, UK
The Herodotus Basin is the deepest part if the south-eastern Mediterranean and receives
allochthonous sediments from turbidity currents and debris flows from around its margin.
During the late Quaternary allochthonous supply has been from at least three sources.
These are 1) dark coloured, calcium carbonate-poor, fine-grained turbidites derived from
the Nile Cone to the south and south-east, 2) lighter coloured, calcium carbonate-rich,
slightly coarser grained turbidites derived from the Libyan/Egyptian shelf to the south, and
3) small, localised debris flows derived from the Mediterranean Ridge to the north.
During the Late Quaternary (0-60 ka), and specifically the period 0-27 ka, the basin has
predominantly filled with allochthonous material derived from the Nile Cone, with lesser
input from occasional, commonly small turbidites derived from the Libyan/Egyptian shelf,
but with one megaturbidite of basin-wide' extent.
Turbidites have been correlated across the Herodotus Basin using the technique of
chemostratigraphy. Turbidites tend to show characteristic geochemical signatures.
Matching the results from geochemical analysis of one specific turbidite bed in a core with
that of a different bed in another core, will show whether the beds were deposited by the
mass wasting event. This is because individual turbidites commonly have diagnostic and
unique geochemical 'fingerprints' in terms of major, minor and trace element composition.
Sediment budgets for the two main types of turbidites (Nile Cone and African-shelf
derived) have been calculated. The cumulative volume of the sedimentary input for the
Nile Cone-derived turbidites over the last 27 ka is approximately 51.9 cm/ka, and a volume
per unit time of 16.5 km3/ka. A megaturbidite, derived from the African shelf, is of basin-
wide extent and has a volume of approximately 400 km3. This megabed represents the
main allochthonous input from the African shelf to the Herodotus Basin during the last 27
ka.
Poster summarising submitted paper (Chapter 3.1) presented in Appendix B2.
Appendix B2: Herodotus Basin Poster
British Sedimentological Research Group Conference, Dublin, December 1996 and
3rd International Conference on the Geology of the Eastern Mediterranean (ICGEM3),
Nicosia, Cyprus, September 1998. Poster
(see overpage)
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The correlation and architecture of deep-
sea sediments from the Herodotus Basin,
south-eastern Mediterranean.
Mike Reeder, R. Guy Rothwell and Dorrik. A. V. Stow
Abstract
The Herodotus Basin is the deepest part of the SE Mediterranean and
receives allochthonous sediments from turbidity currents and debris flows
from around it's margin. Four sources have been identified. Turbidites from:
1) The Nile Cone, 2) The Libyan/ Egyptian shelf 3) the Anotolian Rise and
debrites from 4) the Mediterranean Ridge. Sediments have been correlated
across the basin using chemostratigraphy; the technique of matching the
unique chemical "fingerprints" of separate turbidite events.
The dominance of sources has changed thoughout the geological history of |
the Herodotus Basin with single events estimated at over 400 km3.
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Location and sediment source map for the Herodotus Basin (H.B). Denoted
by the 3000 m isobath the basin covers an area of c. 40,000 km2 and receives
sediment from four principle sources. All data were collected during Marion
Dufresne Cruise 81 (track shown as blue dotted line) with the recovery of 5
long -piston cores along the length of the basin (red stars) and a suite of |
geophysical data.
Physiography
The physiography of the Herodotus
fBasin has changed through geological time
with deformation by the accretion
of the Mediterranean Ridge to the North
and the encroachment of the Nile
Cone on the southern region.
Southampton
Oceanography
Centre
Empress Dock,
Southampton,
Hampshire,
SO14 3EE.
e-mail: msr@soe.sotnn.ac.uk |
tel: (44) 1703 596631
fax: (44) 1703 593052
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Chemostratigraphy
Sampling of turbidite
horizons and comparison
of their major, minor and I
trace elements allowed the I
correlation of sediments in|
the Herodotus Basin.
Each turbidite event has I
a characteristic chemical!
'fingerprint' distinguishing
it from other events. This I
is seen in graphs A and BI
(right) where correlation is I
confirmed. Graph CI
demonstrates the poor I
correlation between two I
different turbidites. Plot D
shows the same grain-size |
fraction must be used.
Geophysics
The shipboard 3.5 kHz
sub-bottom profiler was
used constantly during the
cruise. This aided the
correlation of a thick,
acoustically
- transparent
layer, estimated as being
turbidite 'n'.. Additional
Magnetic Susceptibility
and P-wave velocity
analyses noted the
differences between the
turbidite types (see right).
Volumes and Age
Estimates of turbidite I
volumes were made by
calculating areas covered
by each bed together with
their average thicknesses.
Dates were estimated by
summing the cumulative
thickness of pelagic beds
above the turbidites and
dividing by an average!
accumulation rate of 2-31
cm/ka. All beds were
found to be less than |
approximately 28 ka.
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Summary
The Herodotus Basin is supplied by four sources, with budgets of c. 45 cm/ka for I
the Nile Cone, 37 cm/ka for the African shelf and 1 cm/ka for the Anatolian Rise. A |
huge turbidite from the African shelf (400 km') has been dated at 27.5 ka.
MSR is NERC and IOS funded and I
would like to thank Sharon Nixon, I
Nigel Higgs and Darryl Green fori
their geochemical help and Dave I
Gunn for the geophysical analysis on I
the SOC Multi-Sensor Core Logger.
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Appendix B3: Herodotus Basin Paper
Conference proceedings journal of papers presented at the GEOSCIENCES 96 Conference
at Warwick University, April 1996:
Turbidite flux, architecture and chemostratigraphy of the Herodotus
Basin, Levantine Sea, south-eastern Mediterranean.
Mike Reeder1, Guy Rothwell2, Dorrik Stow1, Gisela Kahler2 and Neil Kenyon2.
Department of Geology, University of Southampton.
2
Challenger Division for Seafloor Processes.
Southampton Oceanography Centre, Empress Dock, European Way,
Southampton, SO14 3ZH.
Abstract
The Herodotus Basin is the deepest part of the south-eastern Mediterranean and receives
allochthonous sediments as turbidity currents and debris flows from around its margin.
During the late Quaternary allochthonous supply has been from at least four sources. These
are 1) dark coloured, calcium carbonate-poor, fine-grained turbidites derived from the Nile
Cone to the south and south-east, 2) lighter coloured, calcium carbonate-rich, slightly
coarser-grained turbidites derived from the Libyan/Egyptian shelf to the south, 3) small,
light brown coloured, foraminifer-rich, muddy-silty turbidites derived from the Cyprus
/Eratosthenes seamount (Anatolian rise) carbonate shelf to the east, and 4) small localised
debris flow deposits derived from the Mediterranean Ridge to the north.
During the late Quaternary (0-60 ka), and specifically the period of 0-27 ka, the basin has
filled predominantly with allochthonous material derived from the Nile Cone, with lesser
input from commonly small turbidites derived from the east and the Libyan/Egyptian shelf,
but including one megaturbidite of basin-wide extent.
Turbidites have been correlated across the Herodotus Basin using the technique of
chemostratigraphy. Matching the results of geochemical analysis from one specific
turbidite bed in a core with that of a turbidite in another core, may show whether or not the
beds were deposited by the same mass wasting event, as individual turbidites commonly
have diagnostic and unique geochemical "fingerprints" in terms of major, minor and trace
element composition.
Sediment budgets for the three main turbidite sources (Nile Cone, Libyan/Egyptian-shelf
and Anatolian rise shelf) are calculated. The cumulative volume of the sedimentary input
for the Nile Cone-derived turbidites over the last 27 ka is approximately 500 km3, giving an
average sedimentation rate of approximately 45 cmka"1, and a volume per unit time of 18
knvW1. A megaturbidite, derived from the Libyan/Egyptian shelf, is of basin-wide extent
and has a volume of approximately 400 km3. This megabed represents the main
allochthonous input from the Libyan/Egyptian shelf to the Herodotus Basin during the last
27 ka. The small Anatolian rise-derived turbidites represent a volume of approximately 12
km3 and basin-wide sedimentation rate of 1 cmka"1.
Full paper presented in Chapter 3.1 and copy placed in enclosure pocket at back of thesis:
Reeder, M. S, Rothwell, R. G., Stow, D. A. V., Kahler, G. and Kenyon, N., 1998. Turbidite
flux, architecture and chemostratigraphy of the Herodotus Basin, Levantine Sea, south¬
eastern Mediterranean, in Stoker, M. S., Evans, D., and Cramp, D., (eds.)., Geological
processes on continental margins: sedimentation, mass wasting and stability,
Geological Society of London, Special Publication, 129,19-41.
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Appendix B4: Radiocarbon Dating of Herodotus Basin Sediments Abstract
3rd International Conference on the Geology of the Eastern Mediterranean (ICGEM3),
Nicosia, Cyprus, September 1998. Poster:
A Record of the late Quaternary Sedimentation on the Herodotus
Basin, SE Mediterranean.
M. Reeder, D.A.V. Stow and R.G. Rothwell
Southampton Oceanography Centre, UK.
The Herodotus Basin, in the SE Mediterranean, has been supplied by allochthonous
sediments derived from the organic-rich Nile Cone to the SE ('Type-A' turbidites), the
carbonate-rich NW African shelf to the S and SW ('Type-B' turbidites), the carbonate-rich
Anatolian Rise to the NW ('Type-C turbidites) and the accretionary prism of the
Mediterranean Ridge to the NW (debrites).
The turbidites interact with the deformed basin plain showing repetition of sedimentary
units, upslope flow and heightened suspension giving gravity flow^enthic organism
interaction.
Radiocarbon dating (14C) of the pelagic intervals between the turbidites has allowed the
timing of these events to be related to the physiological and climatological of the region
during the latest Quaternary (<27 ka).
Of particular note is the occurrence of the 400 km3 Herodotus Basin Megaturbidite (HBM)
emplaced during the lowering of the sea level at the advent of the last glacial (27.1 ka). This
bed, derived from the NW African shelf ('Type-B'), can be correlated between cores and is
present on 3.5 kHz profiles as an acoustically transparent layer.
During the glacial period the 14C dates indicate no deposition of sediments in to the
Herodotus Basin from the Nile Cone source (Type-A). However, turbidite frequency
increased during the transgression, which contradicts the accepted model for clastic
sedimentation on sedimentary plains during sea level rises.
Poster presented is shown in Appendix B2. The conference resulted in the submission of
the paper presented in Chapter 3.2 to the conference proceedings journal (see over).
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Appendix B5: Radiocarbon Dating of Herodotus Basin Sediments Paper
Conference proceedings journal of papers presented at the 3rd International Conference on
the Geology of the Eastern Mediterranean (ICGEM3), Nicosia, Cyprus, September 1998:
Late Quaternary turbidite input into the Eastern Mediterranean Basin:
New radiocarbon constraints on climate and sealevel control
M.S. Reedera, D.A.V. Stowa*, R.G. Rothwell
b
a School of Ocean and Earth Sciences, University of Southampton,
b
Challenger Division for Seafloor Processes,
Southampton Oceanography Centre, European Way, Empress Dock,
Southampton, SO14 3ZH.
* Corresponding author (fax: 44 (0) 1703 593052; e-mail: davsC^mail.soc.soton.ac.uk)
Abstract
Cyclic patterns of sedimentation, named cyclothems (senso Maldonado & Stanley, 1976),
are seen to show a tri-partite structure in the late Pleistocene sediments of the Herodotus
Basin, SE Mediterranean. The ordered repetition of 1) Nile Cone-derived turbidites overlain
by 2) a Sapropelic layer and topped by 3) North African shelf and Anatolian Rise-derived
turbidites, has been dated and correlated to the eustatic sea level curve of the past 30,000
years.
Radiocarbon dating of planktonic foraminifera and pteropod shells from the pelagic and
hemipelagic intervals between the allochthonous sedimentary units, has given bracketing
dates for each major turbidity current event that bypassed the sedimentary fan of the Nile
Cone depositing sand and mud on the Herodotus Basin plain.
Emplacement dates indicate that deposition is controlled primarily by the late Pleistocene
climate of the Eastern Mediterranean basin. Timing of turbidite emplacement from three
discrete sources involves an intricate relationship between the regional climate, the eustatic
sea level curve, physical oceanography and the geology of the sediment source areas.
The full paper may be found in Chapter 3.2.
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Appendix CI: Herodotus Basin Megaturbidite Abstract
GEOSCIENCES 98 Conference, Keele University, April 1998. Poster:
Lowstand Emplacement of a megaturbidite from the SE Mediterranean
Reeder, M. S,, Rothwell, R. G. and Stow, D. A. V.
Southampton Oceanography Centre, Empress Dock, European Way,
Southampton, SO 14 3ZH
AMS 14C dates obtained from a megaturbidite and associated sediments from the Herodotus
Basin in the SE Mediterranean suggest emplacement of this acoustically transparent layer at
approximately 27.1 ka BP. The date corresponds to the onset of the last glacial period and
a lowstand in the sea level cycle. The laterally-extensive, allochthonous megabed is
derived from the passive NE African carbonate shelf and slope margin and represents the
major sedimentological event of the late Pleistocene in the Herodotus Basin.
The megaturbidite has been correlated across the Herodotus Basin in all 5 long-piston cores
collected and is seen to have an approximate volume of 400 km3. The megaturbidite is
composed of thick structureless muds (14 m) grading down to thinner basal silts and sands
(>2 m) which show class Ta -Tc turbidite sedimentary structures.
Triggering mechanisms can only be speculated upon but studies of other similarly-sized
megaturbidite events hypothesise that these processes are initiated by either seismic shock,
methane gas (clathrate) release, oversteepening of the continental slope, tsunami impact or
accelerated loading and underconsolidation of the shelf sediments.
Post-megaturbidite event sedimentation is dominated by more frequent, thinner and sandier
turbidites derived from the Nile Cone and relate to the development of the submarine fan
system and the changing climatic conditions in the Nile Region.
Poster shown in Appendix C2. Paper subsequently submitted to Marine & Petroleum
Geology as a conference proceedings special publication (see abstract in
Appendix C3 and submitted paper in Chapter 4.1).
Appendix C2: Herodotus Basin Megaturbidite Poster
GEOSCIENCES 98 Conference, Keele University, April 1998. Poster:
(see overpage)
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Appendix C3: Herodotus Basin Megaturbidite Paper
Marine & Petroleum Geology, 17, 1699-218, conference proceedings of papers presented at
GEOSCIENCES 98, Keele University, April 1998:
Marine and
Petroleum Geology
ELSEVIER Marine and Petroleum Geology 17 (2000) 199-218
Influence of sea level and basin physiography on emplacement of
the late Pleistocene Herodotus Basin Megaturbidite, SE
Mediterranean Sea
Michael S. Reeder3'*, R. Guy Rothwell13, Dorrik A.V. Stowa
^School of Ocean and Earth Sciences, University of Soulhampton, OK
^Challenger Division for Seafloor Processes, Southampton Oceanography Centre, European Way, Empress Dock, Southampton SO14 3ZH, UK
Received 23 October 1998; received in revised form 13 August 1999; accepted 16 August 1999
Abstract
Radiocarbon 14C dates from pelagic intervals above a megaturbidite in the Herodotus Basin give direct evidence of
emplacement at the beginning of the last glacial period, approximately 27,125 calendar years before present, as sea level lowered
rapidly and entered a low stand phase. The Herodotus Basin Megaturbidite is a basinwide deposit that forms a recognisable
acoustically-transparent layer on 3.5 kHz high-resolution seismic profiles and covers an area of approximately 40,000 km2. It
thins from about 20 m in thickness proximally to some 10 m distally over a basin length in excess of 400 km. The total volume
is estimated at around 400 km3, which is significantly more than the volume of sediment that could have been displaced from its
most likely source area, the funnel-shaped marginal embaynient of the Gulf of Salüm to the west of the Nile Cone. The
additional material may have been derived, in part, from synchronous failures on other parts of the Libyan/Egyptian shelf and
slope, but most is believed to have come from large-scale erosion at the base of the very large-volume turbidity current that was
generated from the original slide. Detailed sedimentary analyses of cores recovered from the megaturbidite show its distinctive
characteristics: graded sand, silt, mud and biotorbated mud units; poorly developed structures proximally becoming more
distinct and ordered distally; variation in grain size and structures that suggest either flow separation/reflection around
topographic highs and/or an inherently unstable flow; and a mixed-source bioclastic-terrigenous composition. These features,
together with its size and lateral extent, would make any similar megabed an excellent marker horizon in basin analysis. A
combination of factors was responsible for triggering the initial slide-debris flow event that evolved downslope into this mega-
turbidity current. These include lowered sea level that destabilised the outer shelf upper slope sediments, tectonic
oversteepening of the margin, relatively high rates of sedimentation, and seismic activity. © 2000 Elsevier Science Ltd. All lights
reserved.
Keywords: Herodotus Basin; Megaturbidite; Acoustically Transparent Layer; Low sea level; Physiography; Slope failure; Radiocarbon dating
1. Introduction nels> f'm or s'Pe apron systems. Reports of megatur-
bidites have increased over the last decade since the
term was introduced by Mutti, Ricci Lucchi, Seguret
Megaturbidites are the deposits from large-volume & z&nzucchx (1984) but little is known about their
turbidity currents, generated by large-scale slope fail- properties and the circumstances that govern the depo-
ures and typically form stratigraphically extensive hor-
sition of a large tliiqkne^s and volume of sediment in
izons in the geological record. They occur commonly
ong eyent Megaturbidites can form a significant part
in deep ocean basins having bypassed the feeder chan-
of the basin fiu and may be important as potential hy¬
drocarbon reservoirs. Where they occur as basinwide
~Z '' "'
, ,,,,.,,-, deposits with distinctive characteristics, they are par-
* CoirespondiriE author Fax. t 44-1420-22 j 57 r
i- ,
E-mail addres's: mreederfsgafmey-chme.com (M.S. Reeder). ticulaiiy important as Strati-graphic markers.
0264-8172/00/$ see front matter :. 2000 Elsevier Science Ltd. All rights reserved.
PH S0264-8172(99)00048-3
Full paper presented in Chapter 4.1
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Appendix C4: Contourites in the Central Mediterranean Abstract
Sediment Drifts, contourites & Process Interaction Workshop, British Antarctic Survey,
Cambridge, September 1997 and
ICGEM3 Conference, Nicosia, Cyprus, September 1998. Presentations:
Contoiiritic Sedimentation and Sediment Process Interaction
in the Strait of Sicily
Reeder, M. S., Stow, D. A. V. and Rothwell, R. G.
Southampton Oceanography Centre, Empress Dock, European Way,
Southampton, SO14 3ZH
The Strait of Sicily represents the division between the Eastern and Western Mediterranean
Seas and is effected by the deep and shallow water exchange between them. The varied
bathymetric expression of the Strait, with its shallow banks and deep en-echelon troughs,
has formed in response to the collision between the African and Eurasian tectonic plates.
Sedimentological studies reveal a wide variety of sedimentary and mass wasting processes,
linked to collisional, eruptive and physical oceanographic events.
Of particular interest are the contouritic sediments found along the western margin of the
Straits. Alternating upward fining and coarsening grain-size sequences in the sediments
represent periods of silt and sand deposition in this otherwise bottom-current erosive
setting. The sediments are transported by the more dense, >40 cm/sec Levantine
Intermediate Water from the east and by the less dense >30 cm/sec Atlantic Water from the
west. The deeper currents have eroded gullies into the hemipelagic sediments and are seen
to interact with downslope sedimentological processes from the Tunisian continental
margin.
A similar case is seen in the deep-sea cores from the Pantelleria and Malta Troughs (>1000
m depth), which show large mass wasting events that may have been winnowed by the
strong currents. Additionally, increased rates of 'background' sedimentation are noted,
possibly due to either settling of the suspended sediment load or increased primary
productivity due to the supply of nutrients by the bottom currents.
Unsubmitted paper presented in Chapter 6.1 resulted from attendance at these conferences.
ICGEM presentation cancelled due to time constraints.
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Appendix D: Background Geology for the Central Mediterranean
The large foldout sheet to be used in conjunction with Chapters 5 and 6 may be found in the
enclosure pocket at the back of this thesis.
PAGE A-13 Appendix DAPPENDICES
Appendix El: Stow et ah (in press)
This co-authorship resulted from the completion of independent fieldwork during the
ICGEM3 conference and drafting of all figures. It will be published in the same conference
proceedings as the paper presented in Chapter 3.2 (Appendix B5).
Fossil Contourites: Type Example from an
Oligocene paleoslope system, Cyprus
Dorrik A. V. Stow1, Gisela Kahler1 and Mike Reeder2
'SOES, Southampton University, Waterfront Campus, Southampton, SO14 3ZH, UK.
2Gaffhey, Cline and Associates, Bentley Hall, Blacknest, Alton, Hampshire, GU34 4PU, UK.
ABSTRACT
As part of a wider programme on the recognition and decoding of contourite sediments, we
propose the adoption of part of the Lefkara Formation on Cyprus as the first in a series of
type examples of fossil contourites in ancient series exposed on land. A clear case can be
made for interpreting these mainly Oligocene age sediments as calcicontourites. They
combine faint structures due to current action with pervasive bioturbation, typically show
cyclic grain size alternation, and have compositional differences from the more easily
identifiable calciturbidites. Variations in thickness and rates of sedimentation of the
contourite units, as well as the presence of widespread hiatuses and alongslope paleocurrent
trends are consistent with drift development on a lower slope apron in the closing Tethys
ocean.
Keywords
Fossil contourites, Oligocene, Lefkara Formation, Cyprus.
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Appendix E2: Rothwell et al. (in press)
A collaborative effort with Guy Rothwell and other members of the Marion Dufresne
Cruise 81 expedition. It compares and contrasts the Herodotus Basin Megaturbidite of the
Eastern Mediterranean (Chapters 4 and 7) with the Balearic Abyssal Plain Megabed
(introduced in Chapter 7).
The paper has been submitted to a special publication of Marine Geology, following a
symposium on 'Megabeds and Megaturbidites' at the Annual International Association of
Sedimentologists conference in Alicante in 1998.
Low-stand emplacement of megaturbidites in the Western and
Eastern Mediterranean Sea
R. G. Rothwell1, M. S. Reeder2, G. Anastasakis3, D. A. V. Stow2,
J. Thomson1 and G. Kahler1
'Challenger Division for Seafloor Processes, Southampton Oceanography Centre,
Empress Dock, Southampton, SO14 3ZH, United Kingdom.
2School of Ocean and Earth Science, University of Southampton, Waterfront Campus, Empress Dock,
Southampton, SO 14 3ZH, United Kingdom.
3Deptartment of Historical Geology-Palaeontology, National University of Athens,
15784 Panepistimiopolis, Athens, Greece.
ABSTRACT
Piston cores from the Balearic and Herodotus Abyssal Plains in the Mediterranean Sea
show that the Late Pleistocene to Holocene sedimentary sequence is dominated by turbidite
muds. On each plain one turbidite bed is conspicuous by its thickness and this bed can be
correlated basinwide on geochemical compositional analysis and its correlation with a
distinct acoustically transparent layer on high-resolution seismic records. These two
megabeds represent megaturbidites of very large-volume (300-600 km3 each) and are
shown by AMS radiocarbon dating and other methods to have been emplaced during the
last low stand of sealevel at the height of the last glacial maximum. On the Balearic
Abyssal Plain, the megabed, which is sourced from the southern European margin, is the
main sedimentation event over the last 120 ka, and emplaced as much material as that
emplaced by smaller flows during the previous 25 ka. Sedimentation rate curves for the
Balearic Abyssal Plain, show that falling sealevel does correlate with increased terrigenous
deposition and that gross sedimentation rates in the basin did increase as sea level fell from
18-120 ka due increased emplacement of distal turbidites. The Herodotus Abyssal Plain
megabed is sourced from the Libyan-Egyptian continental shelf west of the Nile Delta and
is the dominant sedimentation event in this basin over at least the last 60 kyr. High-
resolution seismic profiles from the Ionian and Sirte Abyssal Plains in the central
Mediterranean also suggest possible low sealevel emplacement of megabeds in these
regions. Available evidence therefore suggests widespread emplacement of megaturbidites
throughout the Mediterranean at the last glacial maximum. Although the triggers for these
events can only remain speculation, catastrophic destabilisation of the margin after a long
period of accumulation with an increased rate of sediment supply is evident.
Keywords
Turbidite, Balearic Basin, Mediterranean Sea, low stand, late glacial period, abyssal plain
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Appendix E3.1: Poster Abstract from the Hesperides Cruise- Orinoco
I attended an international cruise to research the sedimentation on the Orinoco and
Magdalena deep-sea fans of the Atlantic Ocean and Caribbean Sea. During April and May
1997, the expedition took deep and shallow seismic profiles and side-scan sonar images of
these complex sedimentary features. The results were very encouraging and the
preliminary findings were presented at international conferences as posters (E3.1 and E3.3).
The Distal Orinoco Turbidite System and Sediment Wave Field:
Preliminary Results of the ORINOCO'97 Hesperides Cruise
Belen Alonso (Project Co-ordinator)1, Gemma Ercilla (Chief Scientist)1, Jesus
Baraza1, David Casas1, Francesco Chiocci2, Ferran Estrada1, Marcel Li Farran1,
Eliane Gonthier3, Fernando Perez-Belzuz1, Carlos Pirmez4,
Mike Reeder5, Jose Torres6, and Roger Urgeles6
1
CSIC, Institute Ciencias del Mar, Paseo Juan de Borbön s/n, 08039 Barcelona, Spain
2
CNR, C.S. Quaternario e Evoluzione Ambientale, Pzle. Aldo Moro, Rome, Italy
3 Universite Nouvelle de Bordeaux, Avenue des Facultes, 33405, Talence, Bordeaux, France
4
Lamont-Doherty Earth Observatory, Palisades, New York, USA
5
Southampton Oceanography Centre, Empress Dock, Southampton, United Kingdom
6 Universidad de Barcelona, GRC Geociencias Marinas, Barcelona, Spain
The Orinoco cruise was carried out in April 1997, onboard the Spanish research vessel
HESPERIDES within the project "Märgenes continentales y cuencas profundas: Registro
sedimentario de la variabilidad paleoambiental y paleoclimatica" (CICYT ref. AMB95-
0196). During the cruise an area of about 10,000 km2 in the distal channel system of the
Orinoco Fan, between 4,400 and 4,900 m waterdepth, was imaged with Simrad EM12S120
multibeam bathymetry and backscatter. 2,230 km of high-resolution seismic profiles were
also obtained with a parametric echosounder Simrad TOPAS PS018 and sleeve guns (160
c.i.). The preliminary analysis of the data allows the depiction of a complex and variable
channel system that represents the distal expression of the Orinoco turbidite system. A
main channel trending from NW, 2.5 to 9.5 km wide and 10 to 80 m deep, merges with a
widespread system coming from SW into a main E-W channel, 29 km wide and 60 m deep.
Downslope away from the junction, the main channel has a generally flat floor, but at about
553O'W it becomes more incised, and joins with other channels coming from the North.
The backscatter and multibeam maps show that the SW channels have a lower backscatter
and lower relief than that of the NW; downslope from the junction the main channel
displays lenses of high backscatter suggesting the presence of secondary talwegs. The
channels are characterized by a flat floor with prolonged and chaotic facies, and usually
well-developed levees showing stratified facies. The southern margin of the channel
system is characterized by the presence of a field of asymmetric (and seldom symmetric)
sediment waves that covers an area of about 29,000 km2. The sediment waves range from
0.8 to 9 km in wavelength, and from < 1 to 36 m in amplitude. They are mainly orientated
NW-SE although NE-SW waves are present in the southeastern part of the area. The crests
of the sediment waves have characteristically high backscatter while the troughs
demonstrate low backscatter. Seismically, the sediment waves are defined by convergent-
divergent stratified facies that migrate upslope although, locally, sediment waves showing
only vertical agraddation are observed. The cruise gives new insights into a still poorly
known area where deep sea sedimentary processes during the Quaternary strongly interact
with a complex seafloor morphology caused by the convergence of the Caribbean and
Atlantic plates.
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Appendix E3.2: Published Paper from the Hesperides Cruise- Orinoco
The following front page of a journal publication resulted from the onboard study of the
Orinoco Submarine Fan system, particularly of the 'braided' distributary channels.
MARINE
GEOLOGY
Marine Geology M6( 1998)243 250
Letter Section
New high-resolution acoustic data from the 'braided system'
of the Orinoco deep-sea fan
G. Ercilla **, B. Alonso \ J. Baraza % D. Casasa, F.L. Chiocci \ F. Estrada *,
M. Farrän % E. Gonthierc, F. Perez-Belzuz a, C. Pirmez d, M. Reedere, J. Torres f,
R. Urgelesf
" CSJC. Institut/) (k Ciencim <k'l Mar. Pasco Juan de Borhim shi. OS039 Bunvlonu. Spain
b f'.VÄ, es. OiMlenidrio e Evaluzhme Ambientale. P:k\ Alth Mora. 5. OO/.V5 Route, Italy
' Cuivi'is/ic .Vonivlle de Bordeaux. Avenue ties Fiicultes. 3340? Tukmr. Bordeaux, France
d Uinwril- Do/iertr ISarih Obsenwory, Paltsaik'n. A'K US A
' Southampton Oceanography Centre, Empress Dink. Southampton, UK
I nivershltiiltie Horn'!mm. GliC Genciencias Marinas, "Zona Unharsiiuria I'edralhes, Barcelona. Spain
Received 11 September 1997; accepted 27 November 1997
Abstract
The interpretation of approximately 100 km of EMI2 muUibeam bathymetry and back sea tier data together with
high resolution TOPAS profiles obtained during a transit over the Orinoco deep-sea fan, near the Barbados
lecretionary prism, shows that the braided drainage pattern seen on GLORIA images by Beiderson et a!. (1984)
corresponds to wide (~ 10 km), low relief (<5 m) channels, incised by numerous small (
- 590 m wide, 1 in relief)
rosional notches. However, the new data indicate that what was originally described as a braided system, actually is
a complex depositions! system composed of sinuous channels, braided channels and deposition! lobes, which co-exist
in a short distance, and are easily transformed in each other in response to changes in the flux power. 1) 1998 Elsevier
Science B.V. All rights reserved.
Keywords Orinoco fan: muliibeam: backscatter: parametric echosounder: braided: lobe
1. Introduction the toe of the Barbados accretionary prism. The
data revealed a sinuous channel pattern that
The Orinoco deep-sea fan displays a large evolved downslopc into a braided-like drainage
braided submarine drainage pattern, a "rare (it not system (Fig. lA) where the basin gradient pro-
the single) observation of large scale braiding in gressively decreased northwards. The drainage
Hie deep-sea (Beiderson et al., 1984). In fact, gradually changes into a system of tributary chan-
Beldersoii el aJ. (1984) collected GLORIA sidescan "els feeding into an entrenched sinuous channel
sonar data along the Orinoco channel system near thai follows the trend ol" the deformation front.
The data available to Beiderson et al. (1984),
_____ namely PDR (3.5 and 12 kHz), GLORIA, and a
'Correspondingauthor. few shallow cores, show that the high-backscatter
0025-322? 9S S19 00 * 1998 Elsevier Science B V. All rights reserved.
p: SOO25-1^27! v^- }0 i 3-4-5
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Appendix E3.3: Poster Abstract from the Hesperides Cruise- Magdalena
The second study area of the Hesperides cruise researched the downslope events on the
Magdalena Fan of the southern Caribbean Sea. The Barcelona Group presented this
abstract at an international conference.
Morphology and High-Resolution Seismic Features of the Magdalena
Turbidite System: Preliminary Results of the MAGDALENA'97
Hesperides Cruise
Alonso (Project Co-ordinator)1, Gemma Ercilla (Chief Scientist)1, Jesus
i\ David Casas1, Francesco Chiocci2, Ferran Estrada1, Marcel Li Farran1,
Eliane Gonthier3, Fernando Perez-Belzuz1, Carlos Pirmez4,
Mike Reeder5, Jose Torres6, and Roger Urgeles6
Belen
Baraza
1
CSIC, Institute Ciencias del Mar, Paseo Juan de Borbön s/n, 08039 Barcelona, Spain
2
CNR, C.S. Quaternario e Evoluzione Ambientale, Pzle. Aldo Moro, Rome, Italy
3 Universite Nouvelle de Bordeaux, Avenue des Facultes, 33405, Talence, Bordeaux, France
4
Lamont-Doherty Earth Observatory, Palisades, New York, USA
5
Southampton Oceanography Centre, Empress Dock, Southampton, United Kingdom
6 Universidad de Barcelona, GRC Geociencias Marinas, Barcelona, Spain
The MAGDALENA Cruise was carried out in April, onboard the Spanish research vessel
HESPERIDES. During this cruise an area of 39.500 km2 from the proximal to distal areas
of the Magdalena turbidite system, between 700 to 4.300 m water depth, was imaged with
Simrad EM12S 120 multibeam bathymetry. 2.500 km of high-resolution seismic records
were also obtained with the TOPAS (TOpographic PArametric Source) system and sleeve
guns (160 c.i.). The preliminary results allow us to recognise three sectors based on
morphologic and seismic features. The eastern sector is characterised the presence of
morphological ridges of about N 40 trend and reliefs up to 1,300 m high. These ridges (up
to 176 km long and 11,5 km wide) have a structural origin due to the uplifting produced by
the collision between the South American and Caribbean plates. Locally, these ridges are
eroded by at least three canyons of several hundred meters long. The central sector is
characterised by the development of submarine canyons having U-shaped cross-sections
and rectilinear pathways, whose reliefs attenuate quickly seaward at 2,500 m water depth.
The canyons pass into an area that displays a rough surface, and seismically the most recent
sediments comprise transparent, chaotic and hyperbolic reflections, all of them of high
amplitude. This area could reflect the presence in the actual seafloor of disorganised
sediments deposited from gravity flows. The most distal areas of the eastern and central
sectors show a hummocky seafloor surface due to the development of sediment waves.
These waves display an asymmetrical profile, and range from 0.4 to 2 km in wavelength
and from 7 to 25 m in amplitude. Seismically, the sediment waves are defined by stratified
facies of up to 35 ms thick. The western studied sector is defined, from proximal to distal
areas, by at least two channel- levee systems arranged in a radial pattern. They have about
186 km long and bifurcate repeatedly seaward becoming a dendritic system. In the
proximal areas the channels have about 225 m high, 2,5 km wide and asymmetric levees,
and their morphology attenuate progressively seaward having 3 km wide and reliefs less
than 30 m. Seismically, the channel deposits are characterised by chaotic facies, and,
locally, opaque and hyperbolic echoes defining an irregular channel-floor surface are
identified; levees comprise continuous and discontinuous stratified facies. This cruise gives
new insights into a very poorly known area that is one of the few places in the world where
large-scale turbidity current activity is relatively frequent.
Further publications are expected from the Hesperides work.
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Appendix E4: Article published following Hesperides Expedition
in Spanish Science Journal 'Conocer', June, 1997, 84-86.
Tras las HUELLAS
Cientificos espanoles Rbanicos
han descubierto una jJj5tS
compleja red de
canales submarinos en
las profundidades del
oceano Atlantico.
por Nuria Martinez
jotos: Instituto de Ciencias del Mar
I descubfio
el pa5ado mesdeabril unos canales sub¬
marinos procedentes de los rios Orinoco
Y Magdalena, y detectö la presencis de
dunas a mas de 5.000 metros de pro-
fundidad. Los ocesnos se han revelado
como una important^ fuente de mfor-
macion geologica, medioambiental e
incfuso economica.
La existencia de yacimientos pctroli-
area estudiada del
Localizacton de las abanico subman-
areas estiidiadas no del Orinoco. 2,
en esta camparte ares estudiada de!
dc tjeologia marl- abanifo submari-
na a bordo del no del no
Hesperides. 1, Magdalena,
EHpediciön
Izquitrda, los mietnbros de la expedition
Orinoco-Magdalciia 97 que, u bordo del
bi.qiio Mi ,[)( mil' han estudiado las
cntMAas de! Atlantico.
feros ü de gas, I3 conf iguracion det fon-
do marino, las consecuencias medioam-
bientales del vertido de residuos 3 las
aguas. la morfotogia geologica de los oce-
anos, 0 et estudio de las variaaones cli-
maticas en ios Ultimos 150.000 anos son
algunas de las incognitas que podran des-
velarse gratiasa Ios descubrimientosde
estc equipo de investigadores, dingidiis
por la doctora Gemma Ercilla, del
Institute de Ciencias del Mar de
Barcelona, organismo adscrJto al CSIC.
Sedimentos de costa
En esta expedition tambien han par-
ticrpado cientificos de la Universidad de
Barcelona, del Consejo Naoona! de
Investigaciön de Italia, del Lamont-
Doherty Earth Observatory de Nueva
York, dtl Centro Oceanografieo de
Southampton (Remo Unido) y de Is
Unrversidad de Burdeos (Francia).
El principal objetivo de esta campa-
na -afirnia Gemma Ercilla- ha sido estu-
ritar como se trsnsfieren Ios sedimentos
de los rios Orinoco y Magdalena al fon-
do rnarino profunde. Este proyecto for¬
ma parte de uno mas amplio que se ini-
ciö hace unos anos y que, en campanas
anteriores, rios ha permitido estudiar el
Martinez, N., 1997. Tras las huellas del Orinoco, Tracing the origins of the Orinoco'
Spanish Scientists have discovered a deep complex of submarine channels in the depths of the Atlantic
Ocean- Report by Nuria Martinez, Photos by Institute of Marine Sciences (ICM)
During an expedition in April a group of Spanish scientists, onboard the research vessel Hesperides,
discovered a submarine channel complex ahead of the Orinoco and Magdalena rivers, and detected the
presence of sediment waves at more than 5000 metres water depth. The oceans are revealed as an
important source of geological, environmental and also economical information. The existence of oil
and gas, the configuration of the deep sea, the environmental consequences of polluted waters, the
geological morphology of the oceans, and the study of climatic variations in the last 150,000 years are
some of the questions answered thanks to the discoveries of this team of investigators, lead by Dr
Gemma Ercilla of ICM in Barcelona, an organisation associated with the Cosejo Superior de
Investigations Cientificas (CSIC).
Coastal Sediments
This expedition also had scientific participants from the University of Barcelona, the Concerjo Nacional
de Investigacion de Italia (Rome), the Lamont Doherty Earth Observatory of New York, Southampton
Oceanography Centre (United Kingdom) and the University of Bordeaux (France). "The principle
objective of this campaign," says Gemma Ercilla, "was to study how the sediments are transported from
the Orinoco and Magdalena rivers to the deep sea. This project forms part of a wider topic which
started 1 year ago and which, in previous campaigns, has permitted us to study the Alboran Sea and a
section of the Atlantic just to the North of the Canary Islands. The general opinion is that the deep
I .hi.Mi--
IsquierdSi imagen de una
canal subniarino idtntifica-
do a 4.900 mrtros dc pro-
fundidad, rtlacionado con
el ananico del Orinoco.
Abajo, imagen dc las ondas
de icdtmctito identtflcartas
en el area del Orinoco, ai
im del canal submarine
nte.
mar de Alboran y un sector del Atlantico
marroqui a\ norte de las Islas Canarias'!
Pese a la opinion generahzaria de que
los fondos oceänicos ersn areas estables
Sin ningün tipo de actividad sedimenta-
ria o biolögica, lo cierto es que en estas
zonas se deposttan los sedimentos pro¬
cedentes dc las zonas costeras, 2 traves
de canaiessuDmarinos.
Esta cireunstancia tiene una importantc
repercuSiön ambiental, puesto que el ver-
ttdo de sustanoas contammantes a los
rios puede afterar seriamente ei ecosis-
tema marino, incluso a 5.000 metros de
profundidad.
"El intere's de estos estudios -explica
la doctora Ercilla- tiene una dobie ver-
tiente. Por un lado. es neecsario un reco-
nocimiento de ios procesos geolögicos.
para valorar potencia'es de recursos natu-
ralesy energeticos. Porotro lado. losaba-
mcos submarjnos. que se forman en las
desembocadijras de los rios, son zonas
muy activas desde el punto de vists sedi-
mentario y suelen ser los responsables de
svalanchas v deslizamientos que, en mäs
de una ocasiön, han roto cables subma¬
rinos de comumesetones o han dsnado
plataformas artificiales consttuidas por
el hombre"
En el caso del rio Orinoco, la investi-
gacion ha cubierto una zona aproxima-
da de 10.000 kilometres cuadrados, en
profundidades que oscilaron entre 4.400
y 5.000 metros. A!li, se ha deseubterto una
red rompieja de canaies submarines con
una longitud que va desde 2,5 a 9,5 kilö-
metros de anchura, y de 10 a 80 metros
Hesperides, la
mayor plataforma
cientifica mövil
de Espana
Propiedad
de!
. Ministerio dc
Defensa, el buque
Hesperides so ha con-
vertido en el prim ipal
instrument 0 t_tm v.\ que los den-
tificQS espanoles cuentan para
el estudio de! mar. Con una
eslora de 77,72 molros, un cala-
do de 4'42 me.tros y una capaci-
dad dc Iransporte de hasta
2.170 toneladas. Ja nave
Hesperides. tiene una Iriputa-
ciön de 58 maimeros y una
capaeidad para alber^ar a 29
cientificos.
Estä dotado con las tetoolo-
gias raäs punteras, quo permi-
ten Ilrv3r a cabo investigadon
sobre la practice totaiidad de
los abpectos oceanogräficos:
geologia, geotisica, biologia,
oceanografia y recursos pesque-
ro*i. Precisametitf, en la caoipa-
na Orinoeo-Magdalena 97 se
han utilizado equipos geofisicos
de alta resokiLiöu para el reco-
noumiento del fondo y subfon-
El pasado mes dc mayo, el
Hesperides efettuö su ultima
campaöa en aguas de! mar
Caribe. En esta ocasiön run
sido cientificoi del Instituto
Espanol de Oceanografia, la
Universidad Complutense de
Madrid, la United Stales
Geologica Survey \ la Woods
Hole Oceanographic
Institution, Ios que han trabaja-
do en uii ioteresante proyecto
para el estudio de los niecanis-
mos de produeeiön de terremo-
tos, su posibli? prevision, con¬
trol y disinimicmn de los dife-
rentes riesgos.
Sistema de
M.llll'S
M bjtiine-
de relieve, que conf luyen en un
canal principal con unssdimen-
sionrs de 29 kilometros de
ancho y GO metros de relieve.
Respecto a! rio Magdalena, se
ha detectado ia formacion de
amplios valles submarinos for-
mados en los dos Ultimos millo-
nes dc anos por Ios sedimen¬
tos que han sido arrastrados
desde la desembocadura del rio
Magdalena.
Estos valles Megan a alcanzar
unas dimensioncs maximas de
dos kilometros de ancho y 600
metros de relieve, y se extien-
den mar adentro por mäs de
120 kilometros.
btrnidn rn rl
abanicn submari¬
ne, frente a la
dficmbocadura
Relieue
Imagen dc una HC-
cion transv
un canal, identifka-
do a unos 3.500
metros de profundi-
dad, en la parte mas
Dunas submarmas
Et descubrimiento de las
dunas submannas, cuya exten¬
sion oscila desde los 0,8 y los 9
kilometros de longitud hasta los
36 metros de anchura, ha per-
mitido fechar su ongen en el distal del
ultimo periodo geolögico del rio M
Cuaternano, es decir, hace
100.000 anos.
El estudio de estas zonas sub¬
mannas permitira conocer su
comportsmiento para asi evttar
deslizamientos y roturas de
cables submarinos. "Ademas estas dunas
nos proporcionan una valiosa informa-
ciön acerca de ios cambios paleoc'imä-
lieve dc este canal
es de aproximada-
mentt 10 metros.
Deslizamientos
y roturas
sentacion rfctallada dc
tin vallf submarino en
et abanico del
Magdalena. El estudio
de ertas zonas permi-
tirj conocer su com-
portamicnto y cvitar,
par tanto, desJiza-
mientos y roturas de
tables submarines.
ticos y del sistema de comentes subma¬
rinas de esta zona del Atlantico, que en
gran parte estan controlados por la pre¬
sencia de masas de sgua profunda pro-
ceoentes de la Antartida, asi como por
la existencia de important relieves sub¬
marinos producidos por Is actividad tec-
tönica be esta 2ona", asegura la docto¬
rs Gemma Ercilla.
El proximo mes de octubre, este equi-
po investigador participara en una nue¬
va campana de geologia manna, cuyo
principal objetivo sera estudiar minu-
ciosamente las zonas mäs profundas del
Atlantico central, ya que sc ha compro-
ue estas redes de males subma¬
rinos llegan hasta cse punto
oceans are stable areas, without active sedimentation or life, but in this zone there is deposition of
sediments ahead of the coastal zone with transportation by submarine channels. These circumstances
have important background repercussions, which is the introduction of contaminating substances into
the rivers which could seriously alter the marine ecosystem, even at 5000 m water depth. "The interest
of these studies," explains Dr Ercilla, "is of double importance. For example, it is necessary to know the
geological processes for the potential extraction of natural energy sources, but on the other hand, the
submarine fans which form from the discharge of the rivers, are some of the most active when
considering sedimentation. They are often responsible for submarine debris flows and slides, which, on
more than one occasion have broken submarine communication cables and have destroyed man made oil
and gas platforms." In the case of the Orinoco river, the investigation has covered a zone of
approximately 10,000 km2, with depths that vary between 4400 m and 5000m. Also, the investigation
has discovered a deep complex of submarine channels with lengths that range from 2.5 to 9.5 km and
from 10 to 80 m in relief, which joins with a major channel with dimensions of 29 km long and 60m
relief. With respect to the Magdalena river, discoveries have been made about the formation of deep
submarine valleys, formed in the last 2 Million years by the sediment discharge of the river. These
valleys extend in one direction for a maximum of 2 km in length and 600 m in relief and distribute the
sediment for more than 120 km from the valley mouth.
Submarine Waves
The discovery of submarine waves, which have a wave length of between 0.8 and 9 km and an
amplitude of 36 m, has shown that they formed during the last geological period, the Quaternary, from
about 100,000 years. The study of this submarine zone has been revealed historically by the movement
and breakage of submarine cables. "These waves give us important information into the changes of
palaeoclimates and the system of submarine currents of this area of the Atlantic, which is largely
controlled by the presence of masses of deep water from Antarctica, and how the existence of these
currents interacts with the tectonic activity in this region," says Dr Gemma Ercilla. Next October the
investigating team will participate in a new marine geological campaign where the main objective will
be to study closely the deepest part of the Central Atlantic and find where the submarine channels
terminate.
Figure Captions
(Expedition) Expedition. Left, the members of the Orinoco-Magdalena 97 expedition aboard the BIO
Hesperides have studied the secrets of the Atlantic.
(Abonicos) Fans: Location of the study areas of this marine geological campaign aboard the Hesperides.
1, area studied of the Orinoco submarine fan, 2, area studied of the Magdalena submarine fan.
(Canales) Channels: Left, an image of a section across a submarine channel identified at 4900 m of
water depth, related to the Orinoco fan. Below, an image of the undulating sediments identified in the
Orinoco area, adjacent to the submarine channels.
(Sisteme de vales) System of Valleys: Unprocessed bathymetric mosaic obtained from the submarine fan
created by discharge from the Magdalena river. In the right and central section one can see the existence
of a system of submarine valleys.
(Relieve) Relief: Image of a cross section of a channel, identified at more than 3500 m in depth, in the
most distal part of the Magdalena river fan system. The relief on this channel is approximately 10
metres.
(Deslizamientos y roturas) Slides and Breakages: Left, a detailed representation of a submarine valley
on the Magdalena fan. Study of this zone has allowed placement of submarine cables away from areas
where possible slides and breakages may occur.
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Appendix F2. Calcium Carbonate Percentage (CaCOj %) of samples from the five long-piston cores of
the Herodotus Basin.
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Appendix F3. Magnetic Susceptibility and P-wave Velocity for sediments of the five Herodotus Basin
long-piston cores.
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2 75
2.80
2.85
2.90
2 95
3.00
3.05
3.10
3.15
3.20
3.25
3.30
3.35
3.40
Mag.
Sus.
(SI)
19
6
2
1
0
0
0
1
2
8
8
17
18
20
16
45
28
16
7
6
3
5
7
15
6
21
5
6
8
21
24
23
81
102
104
96
123
177
168
21
22
29
21
18
18
22
20
20
22
22
22
24
22
21
21
9
16
15
13
19
19
21
21
21
20
LC24
Velocity
(m/s)
690.09
611.91
599.94
599.94
593.76
591.29
591.29
641.53
660.45
674.84
651.38
638.22
640.20
640.69
644.75
1451.98
1585.55
1586.18
1566.54
1560.96
1558.05
1565.91
1569.25
1561.32
1564.25
1564.25
1561.52
1570.95
1578.90
1567.81
1555.46
1562.60
1556.76
1562.05
1560.03
1574.98
1573.10
751.22
1603.97
1224.05
729.27
661.29
756.78
1577.99
1519.17
690.78
1609.92
1601.74
1580.10
566.60
566.33
381.82
561.56
560.08
561.98
557.98
695.83
JS82.74
536.59
545.34
561.10
556.37
521.35
562.42
564.53
557.38
563.87
Depth
BSF
(m)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
1.25
1.30
1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2 20
2 25
2.30
2.35
2.40
2.45
2 50
2 55
2.60
2.65 1
2.70
275
2.80
2.85
2.90
2.95
3.00
3.05
3.10
3.15
3.20
3.25
3.30
3.35
3.40
Mag.
Sus.
(SI)
-1
15
7
8
10
18
25
26
13
10
25
18
12
8
8
5
6
7
14
11
10
8
16
16
18
20
27
35
47
63
76
84
91
94
99
103
103
102
105
107
103
94
100
116
137
134
202
35
36
56
88
98
101
109
102
102
108
110
110
10
110
110
109
109
100
100
107
101
102
LC25
Velocity
(m/s)
1584.18
1591.94
1492.85
1578.10
1594.46
1596.94
1578.10
1572.02
1561.18
1585.86
1579.22
1185.15
1011.73
1560.81
1564.88
1572.69
1576.08
1573.40
1568.86
1575.09
1577.83
1582.64
1589.72
1556.12
1546.15
1450.67
1443.81
1445.83
1531.70
1442.57
1443.34
1538.55
1448.63
1444.27
1443.17
1565.41
1572.03
1572.48
1566.64
667.04
1594.66
693.04
1559.02
1500.45
1566.94
1568.44
1570.54
1570.35
1568.90
1559.28
1554.22
1553.96
1557.56
1559.06
1557.60
1559.19
1561.98
1563.81
1566.69
1544.85
1553.62
1528.46
1450.03
1562.33 1
1560.82
1563.40
1561.52
1563.14
1564.77 1
Depth
BSF
(m)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
1.25
1.30
1.35
1,40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
2.10
2.15
2.20
2.25
2.30
2.35
2.40
2.45
2.50
2.55
2.60
2.65
2.70
2.75
2.80
2.85
2.90
2 95
3.00
3.05
3.10
3.15
3.20
'
3.25
3.30
3.35
3.40
Mag.
Sus.
(SI)
6
8
7
37
23
27
24
19
14
7
6
7
31
13
9
14
14
17
15
18
9
21
23
37
59
83
89
94
95
128
166
219
152
172
36
204
221
174
187
29
25
26
31
S5
87
97
101
102
117
124
168
224
187
245
270
235
260
255
257
268
353
265
149
103
40
27
24
27
LC27
Velocity
(m/s)
786.42
1586.28
1023.45
1435.91
872.45
1018.29
1593.64
1594.24
1583.96
1571.13
1564.02
1561.20
1545.47
1592.01
1573.50
1042.91
1591.35
1356.36
1354.69
1434.04
1201.72
1444.59
1444.59
1531.09
1528.87
1443.93
1544.01
1539.31
1549.63
1572.07
1577.31
1583.99
1251.92
1575.17
1600.00
1601.15
1600.58
1627.97
1621.33
1576.81
1567.90
1558.47
1558.43
1551.32
1545.85
1540,01
1446.21
1379.56
1537.22
1529.58
1446.25
687.16
685.96
679.77
1037.01
1046.09
1590.48
1600.58
1605.52
1623.06
1702.87
1087.42
767.70
1714.11
1349.85
1568.49
1565.00
1391.23
Depth
BSF
(m)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
1.5
1.55
1.6
1.65
1.7
1.75
1.8
1.85
1.9
1.95
2
2.05
2.1
2.15
2.2
2.25
2.3
2.35
2.4
2.45
2.5
2.55
2.6
2.65
2.7
2.75
2.8
2.85
2.9
2.95
3
3.05
3.1
3.15
3.2
3.25
3.3
3.35
3.4
Mag.
Sus.
(SI)
-1
25
18
15
12
5
4
1
2
1
3
6
5
6
2
2
7
4
10
11
12
12
12
13
13
15
19
24
34
41
55
60
63
63
64
68
72
72
73
75
74
75
69
69
67
70
71
71
67
71
72
69
70
71
69
72
72
74
73
76
72
72
74
75
75
73
73
72
72
LC29
Velocity
(m/s)
746.58
679.37
645.63
634.95
1567.16
1574.47
1565.81
1575.41
1580.24
1585.17
1579.92
1581.12
1609.25
1595.73
701.20
680.21
689.66
632.50
1554.79
1555.46
1563.83
1564.48
1562.42
1549.96
1445.02
1554.19
1554.82
1557.36
1448.89
1365.47
669.50
1363.53
1365.35
670.73
1365.47
675.29
1557.03
1559.24
1559.52
1555.15
1558.02
1567.14
1588.21
739.94
1583.41
1018.37
1559.63
1558.65
1556.40
1553.90
1551.43
1553.01
1552.71
1555.16
1555.77
1552.14
1553,07
1548.02
1554.27
1553.10
1549.64
1548.79
1545.23
1552.54
1552.18
1556.07
1560.89
1555.78
1551.67
Depth
BSF
(m)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0,7
0.75
0.8
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
1.5
1.55
1.6
1.65
1.7
1.75
1.8
1.85
1.9
1.95
2
2.05
2.1
2.15
2.2
2.25
2.3
2.35
2.4
2.45
2.5
2.55
2.6
2.65
2.75
2.8
2.85
2.95
3
3.1
%2
Mag.
Sus.
(SI)
14
21
20
18
29
18
17
12
4
8
10
10
8
3
6
8
7
9
17
28
44
10
15
15
20
21
26
129
12
42
44
32
49
28
29
28
30
45
57
24
33
29
31
31
13
12
56
76
88
88
31
35
53
108
114
111
139
25
33
28
26
27
31
.*<)
32
32
LC30
Velocity
(m/s)
724.33
1618.02
902.46
616.75
1356.64
603.78
1237.43
1371.89
1481.90
1574.10
1569.77
1361.62
645.99
665.80
657.98
650.54
1367.58
1375.36
664.96
1546.67
735.93
1036.79
1546.39
1566.30
1571.58
1364.35
1573.91
1606.80
1630.02
1593.74
1571.37
1570.11
1573.04
1449.90
1538.98
1536.62
1544.33
1543.60
1556.68
1456.11
1375.49
1 1451.54
1535.12
1535.12
1535.87
1547.06
1555.46
1551.81
1556.70
1555.15
1553.30
1558.25
1562.86
1549.90
1555.15
1557.25
1580.40
1593.16
737.34
1179.37
1450.17
1373.49
1446.17
1447.89
1530.86
1532.12
1531.15
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jDegth_
BSF
(m)
3.45
3.50
3.55
3.60
3.65
3.70
3.75
3.80
3.85
3.90
3.95
4.00
4.05
4.10
4.15
4.20
4.25
4.30
4.35
4.40
4.45
4.50
4.55
4.60
4.65
4.70
4.75
4.80
4.85
4.90
4.95
5.00
5.05
5.10
5.15
5.20
5.25
5.30
5.35
5.40
5.45
5.50
5.55
5.60
5.65
5.70
5.75
5.80
5.85
5.90
5.95
6.00
6.05
6.10
6.15
6.20
6.25
6.30
6.35
6.40
6.45
6.50
6.55
6.60
6.65
6.70
6.75
6.80
6.85
6.90
6.95
7.00
7.05
7.10
7.15
7.20
7 25
7.30
7.35
7.40
7.45_
7.50
Siis.
(SI)
21
20
10
21
19
18
21
21
21
21
20
21
21
20
21
21
21
21
21
21
20
20
20
21
21
21
15
9
15
11
18
19
22
22
22
22
22
23
23
23
23
23
23
23
22
24
24
24
23
24
23
23
23
23
22
23
22
23
23
22
22
23
7
23
24
23
23
23
23
23
23
23
23
22
23
23
23
22
23
23
23
LC24
_Vgocitx_
(m/s)
1566.84
1585.79
1593.69
745.66
1562.59
1423.23
1562.78
1561.80
1562.33
1505.73
1565.39
1450.54
1533.38
1526.99
1530.83
1534.88
1541.00
1534.26
1539.16
1557.89
1553.94
1560.08
1561.17
1569.70
1572.84
1570.72
1580.50
638.22
1585.22
637.33
1479.39
1315.95
784.70
1575.87
1105.40
1542.97
1460.87
1459.40
1459.81
1460.69
1462.73
1544.03
1549.90
1544.99
1544.63
1537.33
1544.26
1542.44
1544.50
1548.02
1539.99
1529.74
1325.94
1561.23
1561.56
1562.51
1560.69
1561.64
1560.42
1563.30
1563.66
1592 27
1593.16
1576.65
1597 74
1569 52
565 64
1563.77
1563.14
1564.14
1 "i62 87
566 79
1561 60
1563.24
1S6R44
570.7<!
570.1
570.7*
56675
565.1"!
569.92
570. l<:
__
_Deth_
BSF
(m)
3.45
3.50
3.55
3.60
3,65
3.70
3.75
3.80
3.85
3.90
3.95
4.00
4,05
4.10
4.15
4.20
4.25
4.30
4.35
4.40
4.45
4.50
4.55
4.60
4.65
4.70
4.75
4.80
4.85
4.90
4.95
5.00
5.05
5.10
5.15
5.20
5.25
5.30
5.35
5.40
5.45
5.50
5.55
5.60
5.65
5.70
5.75
5.80
5.85
5.90
5.95
6.00
6.05
6.10
6.15
6.20
6.25
6.30
6.35
6.40
6.45
6.50
6.55
6.60
6.65
6.70
6.75
6.80
6.85
6.90
6.95
7.00
7.05
7.10
7.15
7.20
7.25
7.30
7.35
7.40
7.45
7.50
Mm.
SuS.
(SI)
100
102
108
30
191
196
215
29
29
33
34
27
25
24
30
23
27
27
29
30
30
30
30
29
29
28
25
20
19
23
25
25
24
25
131
197
193
164
174
156
151
136
24
25
25
25
21
27
26
27
26
26
26
26
26
27
26
26
27
27
27
27
27
26
25
18
28
29
29
28
26
28
29
29
29
28
27
27
28
27
30
31
30
LC25
__JVeloeity^
(m/s)
1561.88
1561.24
1563.66
767.89
720.72
707.38
697.07
739.59
657.17
664.98
1592.96
1608.27
1611.22
1609.42
1613.40
1604.11
1584.12
1566.33
1565.49
1564.70
1564.47
1559.55
1561.03
1563.42
1564.92
1562.93
1562.09
1561.64
1566.88
1560.89
1562.87
1561.60
1582.29
1591.53
1572.57
1585.09
1591.82
1579.37
1603.67
1656.37
1625.55
735.78
1571.57
1258.95
1542.66
1466.58
1480.33
1115.72
1211.07
1252.15
1440.61
1309.60
1545.34
1522.47
1526.31
1186.28
1239.93
1301.81
1348.94
1429.72
1554.82
1527.63
1557.66
1576.04
1582.97
1584.49
728.71
1563.30
1562.95
1561.64
1558.82
1564.31
1560.30
1561.16
1562.01
1560.77
1561.93
1 1564.23
1562.75
1561.86
1565.95
1568.57
1541.72_
JDegth_
BSF
(m)
3.45
3.50
3.55
3.60
3.65
3.70
3.75
3.80
3.85
3.90
3.95
4,00
4.05
4.10
4.15
4.20
4.25
4.30
4.35
4.40
4.45
4.50
4.55
4.60
4.65
4.70
4.75
4.80
4.85
4.90
4.95
5.00
5.05
5.10
5.15
5.20
5.25
5.30
5.35
5.40
5.45
5.50
5.55
5.60
5.65
5.70
5.75
5.80
5.85
5.90
5.95
6.00
6.05
6.10
6.15
6.20
6.25
6.30
6.35
6.40
6.45
6.50
6.55
6.60
6.65
6.70
6.75
6.80
6.85
6.90
6.95
7.00
- OS
HI
.15
?(>
.25
.30
US
14(1
45
IV)
1.55
Mag. 1
Sus.
(SI)
21
22
22
22
24
25
26
26
26
25
26
25
24
24
25
18
21
21
21
22
12
6
22
21
22
22
22
21
15
11
19
23
22
22
23
24
24
24
24
24
24
23
23
23
24
23
23
23
23
23
23
24
16
7
7
7
7
6
7
7
8
9
9
10
9
11
10
11
12
11
10
10
9
8
9
8
8
9
_
8
8
8
9
__ .
Velocity
(m/s)
1576.63
1572.90
1624.26
1608.23
1595.04
1566.94
1565.27
1567.58
1569.07
1551.62
1532.43
1445.63
1530.96
1444.13
1439.46
1438.36
1570.05
1553.08
1559.91
1561.34
1561.64
1559.23
1561.64
1587.37
1522.21
1553.79
1550.19
1552.80
1551.09
1548.94
1558.39
1512.22
1556.40
1526.24
1556.68
1550.31
1545.09
1594.85
1549.67
1548.74
1554.49
1553.50
1556.12
1553.79
1552.45
1558.12
1557.77
1557.48
1558.47
1557.51
1562.61
681.05
1564.90
660.86
652.64
652.21
653.04
655.92
656.75
659.22
660.86
660.45
660.45
661.28
664.98
663.34
664.57
664.57
664.98
664.16
664.16
664.98
663.34
664.16
663.74
659.64
653.47
655.09
654.68
651.81
650.57
651.38
652.89
Depth
BSF
(m)
3.45
3.5
3.55
3.6
3.65
3.7
3.75
3.8
3.85
3.9
3.95
4
4.05
4.1
4.15
4.2
4.25
4.3
4.35
4.4
4.45
4.5
4.55
4.6
4.65
4.7
4.75
4.8
4.85
4.9
4.95
5
5.05
5.1
5.15
5.2
5.25
5.3
5.35
5.4
5.45
5.5
5.55
5.6
5.65
5.7
5.75
5.8
5.85
5.9
5.95
6
6.05
6.1
6.15
6.2
6.25
6.3
6.35
6.4
6.45
6.5
6.55
6.6
6.65
6.7
6.75
6.8
6.85
6.9
6.95
7
7.05
7.1
7.15
7.25
7.3
7.35
7.4
7.45
7.5
7.55
Mag,
Sus.
(SI)
72
71
71
68
53
73
71
71
71
72
72
72
70
71
71
72
72
74
73
81
75
73
79
75
76
76
77
75
74
74
74
75
74
18
72
73
77
75
74
76
75
75
76
77
76
76
75
81
79
79
80
79
80
80
80
71
74
52
1
1
1
i
0
2
26
16
24
30
34
39
47
65
71
61
54
45
38
50
68
37
LC29
Velocity
(m/s)
1556.40
1392.75
1583.08
771.60
1587.11
1528.51
1369.18
1446.62
1449.06
1374.59
1372.76
1447.28
1447.81
1449.21
1444.57
1448.69
1445.00
1446.84
1529.43
1449.39
1445.13
1246.46
1449.39
1447.28
1443.29
1440.00
1433.40
1430.82
1546.37
1561.80
1560.45
1585.08
828.10
1589.87
1573.10
1517.64
685.50
1487.23
1377.32
1379.41
1451.54
1456.09
1542.82
1457.23
1539.35
1450.03
1449.18
1527.60
1529.58
1245.52
1447.50
1089.41
1377.96
1553.13
1553.41
1554.63
1558.12
627.49
622.55
619.23
674.85
676.07
779.01
657.98
683.52
625.02
624.64
624.64
624.64
622.86
1580.55
1506.48
1578.73
1586.72
1581.43
1583.29
1583.83
601.17
654.28
1552.45
Depth
BSF
(m)
3.45
3.5
3.55
3.6
3.65
3.7
3.75
3.8
3.85
3.9
3.95
4
4.05
4.1
4.15
4.2
4.25
4.3
4.35
4.4
4.45
4.5
4.55
4.6
4.65
4.7
4.75
4.8
4.85
4.9
4.95
5
5.05
5.1
5.15
5.2
5.25
5.3
5.35
5.4
5.45
5.5
5.55
5.6
5.65
5.7
5.75
5.8
5.85
5.9
5.95
6
6.05
6.1
6.15
6.2
6.25
6.3
6.35
6.4
6.45
6.5
6.55
6.6
6.65
6.7
6.75
6.8
6.85
6.9
6.95
7
7.15
7.2
Mag.
Sus.
(SI)
135
138
137
139
140
138
136
137
135
133
137
131
134
132
132
131
130
71
125
126
133
132
139
141
140
149
146
144
182
207
196
6
25
24
17
28
25
28
29
37
39
38
39
39
39
41
21
39
41
41
43
49
43
25
18
26
32
40
41
43
46
52
51
42
33
33
30
30
32
30
30
30
30
13
31
LC30
Velocity
(m/s)
1453.12
1450.16
1451.54
1448.16
1452.46
1447.90
1446.52
1526.79
1446.95
1555.77
1555.47
1555.46
1554.55
1555.46
1555.16
1148.21
1276.85
1054.07
1595.50
1580.01
1560.45
1555.18
1558.93
1563.33
1560.71
1565.15
1562.26
1564.57
1562.67
1564.82
1576.63
1546.63
663.71
1570.97
1586.75
1593.21
1593.65
1604.32
1602.18
1578.06
1567.94
1567.65
1565.86
1561.03
1241.96
1572.66
701.20
1588.53
1598.41
1386.86
1388.91
1392.61
1397.95
699.72
689.16
1609.64
1603.34
1575.63
1570.41
1572.14
1573.10
1578.76
1584.56
1593.25
1569.21
1564.91
1521.23
1559.10
156Z17
1563.11
1559.75
1559.42
1562.17
1572.11
1577.96
1560.08
1565.86
1561.23
1563.02
1560.90
1560.30
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JDegjii.
7.65
7.70
7.75
7.80
7.85
7.90
7.95
8.00
8.05
8.10
8.15
8.20
8.25
8.30
8.35
8.40
8.45
8.50
8.55
8.60
8.65
8.70
8.75
8.80
8.85
8.90
8.95
9.00
9.05
9.10
9.15
9.20
9.25
9.30
9.35
9.40
9.45
9.50
9.55
9.60
9.65
9.70
9.75
9.80
9.85
9.90
9 95
10.00
10.05
10.10
10.15
10.20
10 25
10.30
10.35
10.40
10.45
10.50
10.55
10.60
10.65
10.70
10.75
10.80 I
10.85
10.90
10.95
11.00
11.05
11.10 l
11.15
11.20
11.25
11.30
11,35
11.40
11.45
11.50
11.55
11.60
11.65
11.70
Sus.
23
24
24
23
23
24
23
22
23
23
23
23
22
23
23
23
23
23
22
23
21
23
24
24
16
24
23
23
23
23
23
20
23
24
24
23
14
23
23
23
23
23
23
23
23
23
23
22
22
23
22
23
23
23
22
22
22
22
23
23
22
22
22
23 1
21
22
21
21
22
21
22
22
22
22
22
23
23
23
23
22
23
LC24
(m/s)
1571.37
1572.79
1576.82
1574.12
1573.67
1164.98
1592.91
1567.10
1575.88
1574.59
1574.36
1576.88
1574.47
1565.26
1397.03
1548.97
1571.18
1563.42
1551.67
1569.86
1570.99
1561.46
1564.81
1365.00
1392.14
1464.34
1462.65
1549.71
1565.38
1568.93
1568.72
1569.09
1529.27
1421.24
1360.68
1144.38
1240.25
728.37
1580.14
1395.03
1577.76
1574.42
1576.42
1576.18
1576.33
1575.94
1573.01
1573.01
1571.56
1567.57
1571.01
1572.47
1573.38
1574.86
1578.36
1576.18
1580.69
1577.07
1571.02
1573.25
1579 75
1580.61
1577.03
1552.34
1586.51
754.77
740.72
1581.60
1179.42
1542.97 1
1574.02
1571.00
1570.06
1571.75
1571.75
1572.31 1
1572.86
1571.93
1573.42
1575.47
1573.80
1573.63
_Degth_
BSF
(m)
7.60
7.65
7.70
7.75
7.80
7.85
7,90
7.95
8.00
8.05
8.10
8.15
8.20
8.25
8.30
8.35
8.40
8.45
8.50
8.55
8.60
8.65
8.70
8.75
8.80
8.85
8.90
8.95
9.00
9.05
9.10
9.15
9.20
9.25
9.30
9.35
9.40
9.45
9.50
9.55
9.60
9.65
9.70
9.75
9.80
9.85
9.90
995
10.00
10.05
L 10.10
10.15
10.20
10.25
10.30
10.35
10.40
10.45
10.50
10.55
10.60
10.65
10.70
10.75
10.80
10.85
10.90
10.95
11.00
11.05
11.10
11.15
11.20
11.25
11.30
11.35
11.40
11.45
11.50
11.55
11.60
1 1170 1
Mill!.
Sus.
(SI)
30
30
31
31
30
30
30
31
31
31
30
31
31
19
32
31
31
32
31
31
31
31
30
32
32
31
28
28
31
31
32
33
33
34
32
29
30
32
31
33
32
32
32
31
21
32
32
32
33
33
32
33
32
33
32
33
33
35
36
36
36
36
37
35
36
36
36
37
36
35
37
36
35
35
12
35
36
37
35
36
37
37
36 i
LC25
1563.09
1517.88
1442.37
1558.74
1560.24
1391.03
1284.71
1250.24
1230.67
1138.78
1567.20
813.08
1355.01
1182.92
1152.75
1177.00
1201.00
1228.91
1251.03
1256.35
1334.38
1368.02
1385.67
1402.74
1351.61
1553.27
1539.85
1541,54
1533.47
1533.74
1538.15
1553.69
1528.49
1568.24
1571.76
1554.59
728.04
730.18
700.46
690.94
688.04
693.79
872.86
734.85
1601.11
1233.64
1268.23
1298.05
1329.85
1366.18
1382.07
1418.33
1453.16
1550.82
1551.40
1548.79
1554.00
1468.24
1576.52
1575.95
1574.42
1576.36
1581.73
1583.19
1581.48
1578.48
1291.43
1243.80
1192.69
1145.46
1119.26
761.72
765.71
716.91
1099.49
1583.53
1580.21
1582.84
1581.68
1578.62
1576.04
IST6M
BSF
(m)
7.65
770_
7.75
7.80
7.85
7.90
7.95
8.00
8.05
8.10
8.15
8.20
8.25
8.30
8.35
8.40
8.45
8.50
8.55
8.60
8.65
8.70
8.75
8.80
8.85
8.90
8.95
9.00
9.05
9.10
9.15
9.20
9.25
9.30
9.35
9.40
9.45
9.50
9.55
9.60
9.65
9.70
9.75
9.80
9.85
9.90
9.95
10.00
10.05
10.10
10.15
10.20
10.25
10.30
10.35
10.40
10.45
10.50
10.55
10.60
10.65
10.70
10.75
10.80
10.85
10.90
10.95
11.00
11.05
11.10
11.15
11.20
11.25
11.30
11.35
11.40
11.45
11.50
11.55
11.60
11.65
11.70
-Met.
oils.
(SI)
8
9
17
31
27
27
26
26
25
26
25
26
26
26
22
16
22
25
26
26
25
25
26
25
25
26
25
24
25
25
26
26
26
26
25
25
26
26
26
26
26
26
26
27
26
10
26
28
27
27
27
27
27
27
27
27
28
27
28
28
30
30
30
30
29
29
29
30
29
30
29
29
29
28
29
1 14~
29
29
29
28
2
LC27
631.66
629.58
629.97
629.58
1443.96
1367.42
1442.92
1440.22
1560.09
1556.77
1556.44
1556.43
1557.40
1594.39
1582.60
1553.41
1123.82
1343.67
1221.62
1245.40
1449.24
1546.85
1557.60
1556.98
1555.47
1554.00
1555.47
1556.35
1554.88
1556.05
1556.93
1554.89
1556.05
1512.03
1448.00
1449.10
1449.10
1551.63
1553.10
1554.56
1555.77
1561.72
1560.82
1559.86
1568.93
1334.36
785.45
1561.60
1446.01
1384.60
1452.40
1560.63
1560.57
1559.92
1557.79
1554.61
1555.76
1559.77
1556.04
1557.46
1557.19
1557.49
1558.09
1558.97
1561.03
1564.57
1566.07
1567.57
1560.51
1560.24
1562.34
1564.20
1564.55
1567.65
1298.47
730,84
748.59
1354.57
1322.14
1387.57
1391.76
1392.28
_Degth_
BSF
(m)
7.65
7.7
7.75
7.8
7.85
7.9
7.95
8
8.05
8.1
8.15
8.2
8.25
8.3
8.35
8.4
8.45
8.5
8.55
8.6
8.65
8.7
8.75
8.8
8.85
8.9
8.95
9
9.05
9.1
9.15
9.2
9.25
9.3
9.35
9.4
9.45
9.5
9.55
9.6
9.65
9.7
9.75
9.8
9.85
9.9
9.95
10
10.05
10.1
10.15
10.2
10.25
10.3
10.35
10.4
10.45
10.5
10.55
10.6
10.65
10.7
10.75
10.8
10.85
10.9
10.95
11
11.05
11.1
11.15
11.2
11.25
11.3
11.35
11.4
11.45
11.5
11.55
11.6
11.65
11.7
Mag.
(SI)
82
81
81
80
78
78
78
78
75
75
73
75
72
73
81
83
7
60
89
129
108
66
75
82
72
6
0
0
0
0
1
0
25
78
39
24
86
89
84
79
78
84
98
91
92
97
93
91
91
89
92
93
92
92
96
97
95
95
97
97
103
89
98
92
81
95
94
102
105
98
95
96
99
93
96
93
92
97
96
99
109
LC29
1590.66
748.59
1449.44
1447.79
1373.49
1373.34
1375.20
1377.69
1235.87
1534.22
1446.05
1236.28
1237.25
1440.77
1349,57
1452,31
667.45
709.49
1591,08
719.83
1579.93
1580.01
785.13
1570,50
1567.43
1242.32
631.66
620.08
613.52
609.82
606.11
603.64
1557.20
1584.52
1585.90
761.72
1461.85
1452.62
1480.18
1375.19
1446.95
1375.94
1451.09
1530.99
1551.58
1556.36
1558.46
1547.16
1450.65
1447.05
1445.26
1245.96
1242.27
1054.17
1445.53
1371.36
1549.23
1550.70
1550.70
1550.10
1552.46
1556.66
1584.68
1576.73
988.40
759.25
780.93
1556.07
1557.31
1556.37
1 1558.78
1556.07
1554.56
1555.77
1554.56
1554.56
1 1557.58
1556.07
1556.67
1556.36
1559.06
1558.46
1558.15
Depth
(m)
7.6
7.65
7.7
7.75
7.8
7.85
7.9
7.95
8
8.05
8.1
8.15
8.2
8.25
8.3
8.35
8.4
8.45
8.5
8.55
8.6
8.65
8.7
8.75
8.8
8.85
8.9
8.95
9
9.05
9.1
9.15
9.2
9.25
9.3
9.35
9.4
9.45
9.5
9.55
9.6
9.65
9.7
9.75
9.8
9.85
9.9
9.95
10
10.05
10.1
10.15
10.2
10.25
10.3
10.35
10.4
10.45
10.5
10.55
10.6
10.65
10.7
10.75
10.8
10.85
10.9
10.95
11
11.05
11.1
11.15
11.2
11.25
11.3
11.35
11.4
11.45
11.5
11,55
11.6
11.65
11.7
JUL
31
32
33
33
33
33
34
34
33
33
33
33
33
32
33
32
34
33
32
34
33
33
1
32
33
31
30
31
28
30
31
30
31
30
30
30
30
30
30
30
30
23
28
30
30
30
30
29
29
29
30
30
30
29
29
30
30
31
13
31
31
31
32
33
33
33
34
33
32
32
19
21
30
32
31
31
31
30
30
30
30
29
LC30
(m/s)
1562.68
1559.65
1565.61
1564.10
1562.59
1563.18
1559.02
1560.19
1560.77
1561.35
1561.93
1560.45
1552.26
1515.14
1558.39
1560.19
1560.51
1558.15
1557.87
1557.58
1584.05
1580.65
681.84
1593.60
1213.68
1564.28
1564.65
1565.14
1564.51
1564,03
1563.04
1565.27
1562.42
1558.32
1557.05
1561.88
1559.97
1561.60
1560.96
1562.60
1592.27
, 1586.08
1343.67
1593.16
1339.87
1447.11
1447.11
1444.29
1437 35
1568.18
1564.17
1559.19
1562.95
1563.92
1561.10
1562.69
1548.79
1579.90
1 1589.50"
1589.66
1588.59
1571.37
1570,98
1573.10
1 1570.03
1569.09
1570.80
1569.86
1572.50
1567.57
1558.95
655.90
1561.93
1561.60
1559.87
1561.35
1558.70
1558.43
1561.09
1564.68
1560.83
1563.11
1564.55
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_Degth_
BSF
(m)
11.75
11.80
11.85
11.90
11.95
12.00
12.05
12.10
12.15
12.20
12.25
12.30
12.35
12.40
12.45
12.50
12.55
12.60
12.65
12.70
12.75
12.80
12.85
12.90
12.95
13.00
13.05
13.10
13.15
13.20
13.25
13.30
13.35
13.40
13.45
13.50
13.55
13.60
13.65
13.70
13.75
13.80
13.85
13.90
13.95
14.00
14.05
14.10
14.15
14.20
14.25
14.30
14.35
14.40
14.45
14.50
14.55
14.60
14.65
14.70
14.75
: 14.80
14.85
14.90
14.95
15.00
15.05
15.10
15.15
15.20
15.25
15.30
15.35
15.40
15.45
: 15.50
; 15.55
15.60
i 15.65
! 15.70
15.75
15.80
15.85
Mag,
Sus.
(SI)
23
23
23
23
23
22
23
23
22
20
23
23
22
22
23
23
23
23
19
23
23
23
23
24
24
24
24
24
24
24
24
24
23
23
24
23
23
24
24
22
23
23
23
23
23
23
24
24
24
23
24
24
25
25
24
25
24
25
25
25
25
25
25
25
25
24
25
22
24
24
24
25
24
25
25
25
24
25
25
26
26
26
26
LC24
Velocity
(m/s)
1576.67
1576.67
1579.19
1578.06
1575.95
1582.41
1580.31
1577.08
1600.00
1587.98
772.07
1323.74
1328.55
1407.24
1472.16
1405.95
1476.66
1477.41
1553.78
1554.34
1477.00
1475.85
1478.25
1407.42
1474.09
1474.72
1404.89
1475.34
1473.33
1470.28
1470.78
1471.28
1579.04
1579.88
1582.85
1581.17
1582.85
1517.84
1108.05
741.96
783.41
782.93
1480.88
1409.18
1588.29
1585.37
1586.00
1584.05
1584.59
1582.55
1585.65
1584.15
1584.68
1585.12
1585.56
1585.56
1586.00
1586.99
1589.99
1586.82
1587.74
1589.31
1588.21
1589.17
1585.43
1588.69
1588.21
1590.14
780.24
1417.50
1356.14
1409.57
1409.02
1480.98
1082.04
1583.19
1584.83
1583.30
1583.84
1588.52
1587.98
1585.91
1587.98
Depth
BSF
(m)
11.75
11.80
11.85
11.90
11.95
12.00
12.05
12.10
12.15
12.20
12.25
12.30
12.35
12.40
12.45
12.50
12.55
12.60
12.65
12.70
12.75
12.80
12.85
12.90
12.95
13.00
13.05
13.10
13.15
13.20
13.25
13.30
13.35
13.40
13.45
13.50
13.55
13.60
13.65
13.70
13.75
13.80
13.85
13.90
13.95
14.00
14.05
14.10
14.15
14.20
14.25
14.30
Mag.
Sus,
(SI)
36
36
36
38
37
37
38
39
38
38
36
39
42
42
42
42
43
0
41
45
47
44
44
44
45
46
48
47
48
44
44
51
51
60
48
0
43
46
54
63
48
48
46
47
51
50
52
52
48
45
33
23
LC25
Velocity
(m/s)
1577.76
1577.76
1578.33
1589.02
1588.45
1592.32
1587.41
1595.00
1580.07
1399.63
1393.08
1583.64
1352.85
1594.43
1595.03
1577.46
1369.88
1363.01
1361.59
1612.00
1608.37
718.94
1389.42
1209.09
1223.22
1259.19
760.01
763.60
771.03
743.97
746.12
725.01
726.69
723.88
731.75
698.79
714.61
1666.33
1692.97
1675.60
1689.29
1667.31
698.73
677.74
685.12
702.01
767.13
1699.49
1718.89
668.28
1536.69
764.95
Depth
BSF
(m)
11.75
11.80
11.85
11.90
11.95
12.00
12.05
12.10
12.15
12.20
12.25
12.30
12.35
12.40
12.45
12.50
12.55
12.60
12.65
12.70
12.75
12.80
12.85
12.90
12.95
13.00
13.05
13.10
13.15
13.20
13.25
13.30
13.35
13.40
13.45
13.50
13.55
13.60
13.65
13.70
13.75
13.80
13.85
13.90
13.95
14.00
14.05
14.10
14.15
14.20
14.25
14.30
14.35
14.40
14.45
14.50
14.55
14.60
14.65
14.70
14.75
14.80
14.85
14.90
14.95
15.00
15.05
15.10
15.15
15.20
15.25
15.30
15.35
15.40
15.45
15.50
15.55
15.60
15.65
15.70
15.75
15.80
15.85
Mag.
Sus.
(SI)
29
29
29
29
29
30
30
30
31
31
32
33
33
33
34
33
33
34
34
35
42
46
52
20
46
47
51
51
54
52
52
49
46
48
37
50
47
47
48
47
55
46
44
37
33
24
24
18
14
12
15
16
15
10
52
56
62
65
52
22
18
16
16
15
7
14
16
14
12
13
14
13
12
12
12
12
12
11
11
12
11
12
12
LC27
Velocity
(m/s)
1395.37
727.03
1565.15
1566.29
1565.38
1566.51
1563.57
1568.00
1565.72
1567.22
1569.69
1569.69
1571.19
1576.67
1574.82
1575.38
1576.52
1574.65
1575.46
1580.91
1582.26
1618.02
1345.32
744.26
765.42
770.36
1381.19
698.30
707.82
704.11
677.34
676.94
674.87
686.00
697.16
713.91
699.60
700.83
1623.73
1636.45
1654.45
1699.13
1667.86
1680.94
660.86
654.68
1655.74
640.69
630.81
625.41
621.40
620.93
666.63
667.86
706.14
699.60
691.71
653.44
651.40
1557.74
666.63
680.63
694.22
699.60
1702.23
1761.01
1808.97
1781.90
1798.00
1652.79
711.52
705.05
699.97
1786.73
1685.52
698.30
1725.77
695.51
1864.90
1636.71
678.18
1785.01
719.03
Depth
BSF
On)
11.75
11.8
11.85
11.9
11.95
12
12.05
12.1
12.15
12.2
12.25
12.3
12.35
12.4
12.45
12.5
12.55
12.6
12.65
12.7
12.75
12.8
12.85
12.9
12.95
13
13.05
13.1
13.15
13.2
13.25
13.3
13.35
13.4
13.45
13.5
13.55
13.6
13.65
13.7
13.75
13.8
13.85
13.9
13.95
14
14.05
14.1
14.15
14.2
14.25
14.3
14.35
14.4
14.45
14.5
14.55
14.6
14.65
14.7
14.75
14.8
14.85
14.9
14.95
15
15.05
15.1
15.15
15.2
15.25
15.3
15.35
15.4
15.45
15.5
15.55
15.6
15.65
15.7
15.75
15.8
15.85
Mag.
Sus.
(SI)
100
95
94
101
95
93
103
94
94
95
101
82
95
98
99
101
101
100
102
102
102
105
104
104
102
105
105
111
107
108
104
103
105
108
107
105
106
106
108
103
24
102
103
109
112
113
110
111
111
111
112
113
111
111
109
111
112
110
117
109
113
118
117
118
122
122
120
119
110
111
115
131
162
144
146
141
146
159
154
155
156
148
170
LC29
Velocity
(m/s)
1557.56
1558.15
1552.78
1552.78
1553.36
1557.27
1555.16
1553.94
1553.21
1576.42
750.60
1585.27
1581.78
1374.89
1450.10
1378.07
1451.29
1450.41
1530.05
1532.06
1451.78
1451.09
1530.83
1453.59
1453.14
1380.96
1450.90
1450.90
795.11
1368.01
1448.16
1553.98
1556.06
1555.47
1556.36
1560.57
1556.67
1565.15
1548.78
752.77
757.41
792.08
1381.30
1381.99
1558.50
1557.89
1559.42
1557.29
1558.82
1557.60
1559.42
1562.51
1558.21
1556.68
1563.11
1559.75
1558.21
1557.29
1560.03
1559.10
1562.17
1559.70
1561.23
1562.77
1564.31
1561.56
1565.27
1590.53
1587.15
741.32
1406.74
1206.20
1571.37
1570.19
1571.76
1569.00
1572.36
1571.76
1571.17
1570.19
1570.78
1570,78
1575.12
Depth
BSF
(m)
11.75
11.8
11.85
11.9
11.95
12
12.05
12.1
12.15
12.2
12.25
12.3
12.35
12.4
12.45
12.5
12.55
12.6
12.65
12.7
12.75
12.8
12.85
12.9
12.95
13
13.05
13.1
13.15
13.2
13.25
13.3
13.35
13.4
13.45
13.5
13.55
13.6
13.65
13.7
13.75
13.8
13.85
13.9
13.95
14
14.05
14.1
14.15
14,2
14.25
14.3
14.35
14.4
14.45
14.5
14.55
14.6
14.65
14.7
14.75
14.8
14.85
14.9
14.95
15
15.05
15.1
15.15
15.2
15.25
15.3
15.35
15.4
15.45
15.5
15.55
15.6
15.65
15.7
15.75
15.8
15.85
Sus.
(SI)
31
26
23
29
10
31
31
31
31
31
31
30
31
32
32
31
31
32
35
35
35
34
33
33
33
33
33
32
33
34
34
34
34
34
23
34
35
34
34
34
34
35
35
35
35
35
36
38
38
38
39
39
39
39
38
38
39
39
40
39
39
38
39
42
39
39
37
39
38
39
38
37
38
38
40
39
40
40
41
42
41
41
40
LC30
Velocity
(m/s)
1569,21
1567.58
1569.63
1588.59
1593.12
1591.76
1363.54
1355.01
701.94
1387.37
718.05
722.54
1388.58
1390.73
1458.74
1539.94
1462.32
1488.45
1558.39
1562.51
1561.03
1560.45
1562.51
1561.93
1561.35
1565.84
1554.88
1559.02
1562.34
1563.27
1563,02
1566.10
1571.37
1564.03
749.37
1412.67
1600.52
1282.42
1577.61
1566.55
1569.25
1568,67
1565.97
1568.30
1565.49
1567.36
1564.92
1566.42
1564.57
1564.00
1561.93
1561.68
1565.61
1565.61
1565.61
1565.61
1566.78
1570.21
1571.76
1570.01
1570.01
1597.93
1596.37
1582.50
1471.34
1592.82
1569.83
1568.51
1568.72
1567.79
1568.36
1568.36
1564.81
1563.33
1563.33
1570.06
1570.43
1574,59
1571.94
1569.09
1571,56
1575.79
1574.25
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Depth
BSF
(m)
15.90
15.95
16.00
16.05
16.10
16.15
16.20
16.25
16.30
16.35
16.40
16.45
16.50
16.55
16.60
16.65
16.70
16.75
16.80
16.85
16.90
16.95
17.00
17.05
17.10
17.15
17.20
17.25
17.30
17.35
17.40
17.45 :
17.50
17.55
17.60
17.65
17.70
17.75
17.80
17.85
17.90
17.95
18.00 :
18.05
18.10
18.15
18.20
18.25
18.30
18.35
18.40
18.45
18.50
18.55
18.60
18.65
18.70
18.75
18.80
18.85
18.90
18.95
19.00
19.05
19.10
19.15
19.20
19.25
19.30
19.35
19.40
19.45
19.50
Mag.
Sus.
(SI)
26
26
27
26
28
27
26
27
28
27
28
28
27
15
28
28
28
29
29
31
34
33
36
34
35
36
35
36
37
37
32
34
33
34
34
33
34
34
33
29
34
34
19
33
29
28
34
33
26
26
31
32
34
30
27
30
29
32
30
30
24
5
4
3
3
3
3
3
2
3
2
4
29
LC24
Velocity
(m/s)
1587.98
1587.44
1590.53
1591.01
1595.16
1591.93
1593.57
1595.74
1594.07
1598.35
1599.44
1600.00
1623.42
1592.29
817.29
790.12
1417.13
740.40
1422.85
1614.49
1619.99
1619.99
.1628.78
1626.07
1629.99
1632.94
1628.98
1633.22
1635.45
1632.94 :
1637.44
1633.91
1635.42
1641.63
1642.23
1641.49
1650.72
1657.54
1674.09 ::
1661.11
1660.52
1689.49
1683.93"!
1618.25
1693.94
730.34
1674.37
1675.42
1703.35
1707.10
1689.32
1709.99
1699.44
1719.91
1706.50
1706.33
1699.60
1694.49
1680.06
1664.20
655.06
653.44
653.04
650.57
624.64
625.02
625.02
624.25
624.64
624.64
623.87
623.87
625.80
Depth
BSF
(ra)
Mag.
Sus.
(SI)
LC25
Velocity
(m/s)
Depth
BSF
(m)
15.90
15.95
Mag.
Sus.
(SI)
10
10
LC27
Velocity
(m/s)
701.20
661.26
Depth
BSF
(m)
15.9
15.95
16
16.05
16.1
16.15
16.2
16.25
16.3
16.35
16.4
16.45
16.5
16.55
16.6
16.65
16,7
16.75
16.8
16.85
16.9
16.95
17
17.05
17.1
17.15
17.2
17.25
17.3
17.35
17.4
17.45
17.5
17.55
17.6
17.65
17.7
17.75
17.8
17.85
17.9
17.95
18
18.05
18.1
18.15
18.2
18.25
18.3
18.35
18.4
18.45
18.5
18.55
18.6
18.65
18.7
18.75
18.8
18.85
18.9
18.95
19
19.05
19.1
19.15
19.2
19.25
19.3
19.35
19.4
19.45
19.5
19.55
19.6
19.65
19.7
19.75
19.8
19.85
19.9
19.95
20
Mag.
Sus.
(SI)
150
254
251
193
73
101
104
105
104
107
104
105
104
104
95
100
95
105
110
116
116
110
113
109
107
99
125
184
160
74
98
111
132
90
107
124
103
108
109
109
112
110
109
111
112
114
93
114
113
114
114
115
116
117
116
115
114
114
116
118
121
119
121
122
120
115
116
121
124
129
130
129
129
139
121
26
133
144
134
137
139
134
133
LC29
Velocity
(m/s)
1613.67
1641.41
1626.30
1550.98
1555.17
1560.57
1556.36
1556.96
1557.56
1560.24
1559.65
1559.65
1560.24
1571.19
1588.52
784.91
1356.30
1524.13
1564.81
1563.90
1562.43
1558.36
1562.10
1562.67
1561.22
1561.22
1579.88
1575.87
1573.76
1554.05
1561.46
1567.50
1568.41
1566.60
1558.59
1558.03
1562.91
1559.20
1561.53
1564.23
1565.49
1567.57
1566.20
1295.00
1572.64
1594.86
783.41
1406.76
1571.00
1566.29
1567.79
1565.49
1565.15
1566.07
1565.72
1566.86
1565.15
1565.15
1566.07
1566.07
1564.00
1565.72
1565.38
1566.86
1565.95
1567.65
1563.90
1565.72
1568.72
1567.57
1571.56
1571.95
1575.05
1561.15
833.34
789.86
1591.57
1577.08
1574.59
1574.19
1573.25
1574.36
1573.42
Depth
BSF
(m)
15.9
15.95
16
16.05
16.1
16.15
16.2
16.25
16.3
16.35
16.4
16.45
16.5
16.55
16.6
16.65
16.7
16.75
16.8
16.85
16.9
16.95
17
17.05
17.1
17.15
17.2
17.25
17.3
17.35
17.4
17.45
17.5
17.55
17.6
17.65
17.7
17.75
17.8
17.85
17.9
17.95
18
18.05
18.1
18.15
18.2
18.25
18.3
18.35
18.4
18.45
18.5
18.55
18.6
18.65
18.7
18.75
18.8
18.85
18.9
18.95
19
19.05
19.1
19.15
19.2
19.25
19.3
19.35
19.4
19.45
19.5
19.55
19.6
19.65
19.7
19.75
19.8
19.85
19.9
19.95
20
Mag.
Sus.
(SI)
40
40
40
40
40
40
40
40
40
28
47
43
42
42
42
44
46
47
47
50
52
56
58
56
56
56
55
55
53
54
59
57
58
60
55
62
60
58
23
59
62
57
62
62
62
65
66
57
85
78
96
103
109
106
105
103
104
103
102
100
101
63
101
102
99
102
102
101
100
103
104
105
104
108
109
112
112
111
109
111
111
110
108
LC30
Velocity
(m/s)
1572.71
1572.71
1571.18
1568.51
1572.32
1572.71
1574.25
1571.75
1314.26
781.48
725.90
1578.62
1579.77
1575.79
1577.08
1575.71
1583.08
1584.63
1585.72
1589.99
1593.16
1605.31
1610.10
1605.83
1608.48
1607.96
1609.06
1606.92
1597.35
1587.82
1607.54
1610.45
1612.66
1614.35
1620.26
1644.41
1658.52
1661.71
676.51
770.76
1658.46
1653.48
1647.95
1647.79
1645.87
1690.29
1659.12
1673.23
1690.33
1697.17
1687.16
1562.91
1567.71
1566.05
1562.10
1561.53
1565.38
1567.22
1568.51
1563.02
1572.37
1564.67
1565.04
785.67
1567.94
1568.15
1564.00
1567.22
1563.66
1564.81
1565.38
1564.47
1568.57
1569.13
1569.13
1571.75
1573.25
1574.75
1571.00
1573.07
1569.86
1571.18
1570.41
PAGE A-28 Appendix F3APPENDICES
Depth
BSF
(m)
Sus.
(SI)
LC24
Velocitj_
(m/s)
BSF
(m)
Ma.
Sus.
(SI)
LC2S
Velocity
(m/s)
Depth
BSF
(m)
Ma.
Sus.
(SI)
LC27
Velocity
(m/s)
Depth
BSF
(m)
20.05
20.1
20.15
20.2
20.25
20.3
20.35
20.4
20.45
20.5
20.55
20.6
20.65
20.7
20.75
20.8
20.85
20.9
20.95
21
21.05
21.1
21.15
21.2
21.25
21.3
21.35
21.4
21.45
21.5
21.55
21.6
21.65
21.7
21.75
21.8
21.85
21.9
21.95
22
22.05
22.1
22.15
22.2
22.25
22.3
22.35
22.4
22.45
22.5
22.55
22.6
22.65
22.7
22.75
22.8
22.85
22.9
22.95
23
23.05
23.1
23.15
23.2
23.25
23.3
23.35
23.4
23.45
23.5
23.55
23.6
23.65
23.7
23.75
23.8
23.85
23.9
23.95
24
24.05
24.1
24.15
Mag.
Sus.
(SI)
133
165
127
126
140
128
147
174
184
195
192
187
184
178
257
348
255
297
268
238
114
43
25
25
25
26
25
25
25
25
25
25
25
25
25
25
24
24
23
23
24
23
22
25
27
30
30
28
28
22
21
21
33
24
26
26
27
27
27
27
26
27
26
26
27
27
28
28
28
28
27
28
28
28
28
28
29
29
29
29
29
28
28
LC29
Velocity
(m/s)
1571.56
1571.74
1571.19
1569.72
1569.72
1571.19
1578.36
1579.86
1583.41
1585.56
1588.14
1589.13
1582.98
1596.89
1677.23
1655.38
1678.94
1670.08
1695.12
1770.76
1599.50
1602.07
1596.42
1573.32
1573.32
1572.92
1573.10
1570.99
1570.99
1567.94
1567.00
1570.61
1567.36
1567.94
1565.84
1569.46
1567.36
1571.18
1567.94
1568.51
1573.28
1565.84
1565.84
1563.18
1568.88
1570.99
^_ 1572.53
1568.30
1633.87
1633.59
1596.66
1596.61
1571.96
1574.47
1575.05
1573.50
1569.46
1569.09
1567.57
1569.66
1568.15
1568.36
1567.65
1566.17
1568.77
1566.73
1569.13
1569.13
1568.57
1567.43
1571.00
1572.12
1574.19
1574.59
1573.46
1574.42
1575.38
1574.07
1579.77
1577.03
1577.30
1401.28
750.45
Depth
BSF
(m)
20.05
20.1
20.15
20.2
20.25
20.3
20.35
20.4
20.45
20.5
20.55
20.6
20.65
20.7
20.75
20.8
20.85
20.9
20.95
21
21.05
21.1
21.15
21.2
21.25
21.3
21.35
21.4
21.45
21.5
21.55
21.6
21.65
21.7
21.75
21.8
21.85
21.9
21.95
22
22.05
22.1
22.15
22.2
22.25
22.3
22.35
22.4
22.45
22.5
22.55
22.6
22.65
22.7
22.75
22.8
22.85
22.9
22.95
23
23.05
23.1
23.15
23.2
23.25
23.3
23.35
23.4
23.45
23.5
23.55
23.6
23.65
23.7
23.75
23.8
23.85
23.9
23.95
24
24.05
24.1
24.15
Mag.
Sus.
(SI)
108
108
105
109
115
113
113
112
113
115
115
116
116
116
119
118
119
118
119
119
121
119
119
119
119
114
114
117
113
117
118
99
114
118
116
119
117
119
119
120
119
118
120
118
118
118
117
124
121
113
115
122
123
120
126
120
124
125
124
126
113
99
121
125
121
124
121
126
121
120
124
122
120
125
132
126
121
118
121
134
129
130
130
LC30
Velocity
(m/s)
1572 92
1585.12
1594.76
776.54
1301.95
1397.41
1571.56
1570.61
1563.42
1562.51
1563.66
1569.49
1567.43
1567.08
1573.80
1567.65
1575.31
1571.75
1583.63
1567.08
1567.08
1572.12
1575.71
1575.71
1574.59
1563.66
1565.72
1577.08
1575.38
1575.38
1597.48
1600.00
811.11
765.42
767.23
1582.17
1580.04
1571.75
1577.49
1572.89
1575.55
1568.36
1574.19
1572.12
1577.38
1576.42
1579.46
1580.56
1586.82
1589.45
1594.73
1579.04
1591.01
1583.08
1585.18
1590.41
1578.77
1590.83
1581.17
1523.55
789.37
1480.36
1568.47
766.18
723.43
1601.63
1526.24
1526.85
1430.67
1506.74
1521.37
1609.65
1586.27
1587.36
1604.78
1598.94
1598.94
1594.19
1589.99
1603.18
1603.18
1597.88
1530.92
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Depth
BSF
(m)
Mag.
Sus.
(SI)
LC24
Velocity
(m/s)
Depth
BSF
(IB)
Mag.
Sus.
(SI)
LC25
Velocity
(m/s)
Depth
BSF
(m)
Mag.
Sus.
(SI)
LC27
Velocity
(m/s)
Depth
BSF
(n>)
24.2
24.25
24.3
24.35
24.4
24.45
24.5
24.55
24.6
24.65
24.7
24.75
24.8
24.85
24.9
24.95
25
25.05
25.1
25.15
25.2
25.25
25.3
25.35
25.4
25.45
25.5
Mag.
Sus.
(SI)
28
28
28
28
28
29
29
29
28
29
29
29
30
30
29
29
30
29
29
28
29
29
29
29
29
29
19
LC29
Velocity
(m/s)
1463.15
1573.72
1573.32
1574.47
1574.07
1573.10
1571.56
1569.46
1572.14
1571.75
1573.46
1574.02
1573.07
1572.32
1571.94
1574.02
1574.42
1572.14
1576.36
1575.79
1575.63
1569.04
1574.88
1578.62
1430.62
734.55
1574.36
Depth
BSF
(m)
24.2
24.25
24.3
24.35
24.4
24.45
24.5
24.55
24.6
24.65
24.7
24.75
24.8
24.85
24.9
24.95
25
25.05
25.1
25.15
25.2
25.25
25.3
25.35
25.4
25.45
25.5
25.55
25.6
25.65
25.7
25.75
25.8
25.85
25.9
25.95
Mag.
Sus.
(SI)
135
137
129
130
136
131
124
71
137
139
141
146
146
152
163
159
155
168
162
168
145
44
30
33
147
164
138
118
162
134
158
164
89
116
30
46
LC30
Velocity
(m/s)
1525.11
1605.34
1597.33
1616.88
1605.45
1398.48
786.51
778.25
772.83
1151.45
765.42
766.37
767.89
761.25
764.66
1216.98
1588.44
1503.51
1558.03
1615.93
1641.11
1649.82
1658.66
1614.78
1508.51
1538.74
1612.41
1608.90
1613.54
1613.63
1270.82
733.77
1351.55
1418.25
758.65
928.62
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Appendix F4. Grain-size analysis of turbidites 'd' (Nile Cone-derived 'Type-A') and 'n'
(Libyan/Egyptian Shelf-derived 'Type-B'). Turbidite 'n' is also known as the Herodotus Basin
Megaturbidite (HBM).
Type-A turbidite 'd'
Core
Depth (m)
8.57
8.70
8.80
8.90
9.10
9.30
9.50
9.70
10.00
10.23
10.53
10.83
11.13
11.43
11.67
11.97
12.27
12.57
12.87
13.14
13.44
13.74
14.04
14.34
14.48
14.68
14.78
14.88
14.98
15.08
15.18
Depth from
turbidite top (cm)
0.00
0.13
0.23
0.33
0.53
0.73
0.93
1.13
1.43
1.66
1.96
2.26
2.56
2.86
3.10
3.40
3.70
4.00
4.30
4.57
4.87
5.17
5.47
5.77
5.91
6.11
6.21
6.31
6.41
6.51
6.61
grainsize
(Mm)
3.84
4.19
4.79
5.04
4.12
4.75
4.14
6.02
6.38
6.48
4.32
4.64
6.74
6.68
4.53
5.90
5.79
3.85
6.36
5.14
7.58
6.00
6.56
9.86
8.12
13.39
10.14
5.73
8.41
8.90
29.83
Herodotus Basin Megaturbidite ('n')
Core
Depth (m)
6.70
6.72
6.74
6.77
6.81
6.85
6.91
6.96
7.01
7.11
7.21
7.35
7.55
7.75
7.95
8.15
8.35
8.55
8.83
9.13
9.28
9.43
9.78
10.08
10.38
10.58
10.88
11.18
11.48
11.88
12.23
12.53
12.83
13.13
13.51
13.81
14.11
14.41
14.71
15.03
15.33
Depth from
turbidite top (cm)
0.06
0.08
0.10
0.13
0.17
0.21
0.27
0.32
0.37
0.47
0.57
0.71
0.91
1.11
1.31
1.51
1.71
1.91
2.19
2.49
2.64
2.79
3.14
3.44
3.74
3.94
4.24
4.54
4.84
5.24
5.59
5.89
6.19
6.49
6.87
7.17
7.47
7.77
8.07
8.39
8.69
grainsize
(Mm)
3.46
2.38
3.41
3.39
2.80
2.60
3.97
2.99
2.90
3.87
3.47
3.93
3.96
3.30
3.78
5.16
4.08
2.99
4.26
3.71
2.81
7.18
5.33
4.42
5.12
5.12
4.17
5.14
3.44
5.58
5.48
6.41
6.19
5.64
4.39
5.40
4.43
4.62
5.19
6.07
6.08
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Type-A turbidite 'd'
Core
Depth (m)
Depth from
turbidite top (cm)
grainsize
(Um)
Herodotus Basin Megaturbidite ('n')
Core
Depth (m)
15.63
15.93
16.23
16.53
16.73
16.93
17.13
17.21
17.33
17.48
17.63
17.72
17.87
17.97
18.07
18.17
18.24
18.27
Depth from
turbidite top (cm)
8.99
9.29
9.59
9.89
10.09
10.29
10.49
10.57
10.69
10.84
10.99
11.08
11.23
11.33
11.43
11.53
11.60
11.63
grainsize
(|Am)
6.48
5.80
7.57
6.41
7.88
10.01
11.05
9.94
15.98
16.93
18.40
24.49
16.79
20.96
23.79
19.19
24.04
27.83
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Appendix F7. Grain-size analysis results of the 'turbidite/contourite' process interaction silty sand in core LC7.
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52.3
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Appendix F8. Clast-siase analysis of the debrite noted in core LC8 of the Pantelleria Trough. Each measurement notes
the maximum clast diameter over an interval of 4 cm.
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19.68
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19.76
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19.80
19.82
19.84
19.86
19.88
19.90
19.92
19.94
19.96
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20.02
20.04
20.06
20.08
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20.14
20.16
20.18
20.20
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20.26
20.28
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20.32
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20.36
20.38
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diameter (nun)
4.0
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1.0
1.0
1.0
2.0
3.0
2.0
1.0
4.0
4.0
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4.0
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3.0
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4.0 1
1.0
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12.0
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20 42
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21.00
21.02
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21.08
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21.14
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21.18
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21.28
21.30
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Appendix F9. Grain-size analysis of the turbidite overlying the pumiceous debrite in core LC8 (upper part
of the Pantelleria Trough Megabed).
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LOCATION
A= Aegean Sea
l= Ionian Sea
L= Levantine Sea
BATHYMETRY
Land
Shelf
Slope
Text
Southern
Trough
Complex
(>3000 m)
Rise
Basin
The bathymetry and location of the
Eastern Mediterranean Sea, including
names and position of physiographic
features mentioned in Chapters 2, 3
and 4. The map was generated by
Kriging an XYZ dataset obtained
from the GEBCO Digital Atlas
(1994). All features may be found in
the references cited for this enclosure
and within Chapters 2. 3 and 4.
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Shelf (<200m)
Continental
Slope
Rossetta Fan
(Nile Fan)
Z
DamiettaFan The physiographic regions of the North East African
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Levant Basin The divisions are delineated by bathymetric contours, changes
in slope angle and differences in sea floor topography and
deformation. The Herodotus Basin is the deepest of the
Rise (including bathymetric features in this region and acts as a catchment basin
Mediterranean Ridge) for the Rosetta Fan (Nile Fan). Although not strictly a
continental rise, the Mediterranean Ridge forms a broad, domed
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structure between the Eurasian and African continental margins
Herodotus a and is commonjy included as part of this intermediate
(>3000 m) bathymetry.
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Major faults and seismic centres of the Eastern Mediterranean Basin. Boxed numbers refer to the major historical
seismic zones related to these faulted regions 1) main plate intersections, 2) Mediterranean Ridge, 3) the Nile Delta
and Cone, 4) Neogene-recent faulting along the NE African coast and 5) the Red Sea spreading centre (adapted from
Papazachos 1973; Kebeasy 1980; 1990, Goudarzi 1980, Röhlich 1980, Sestini 1984, Chaumillon & Mascle, 1997).
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Scan of the location of seismic events
in the Eastern Mediterranean during the
period 1901 to 1971 (Papazachos
1973). Note that the highest frequency
is found along major fault trends
(hashed lines). Also, several events
may be seen along the NE African
4.5<RS<5.3 continental margin, having implications
for triggering of gravity flows.
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Seafloor ridges, channels and faults in the
Eastern Mediterranean Basin (adapted from
Stride et al, 1978). Note the general alignment
between the Herodotus Basin and the trend of
ridges on the Mediterranean Ridge. This
relates directly to the angle of collision between
the Eurasian and the African tectonic plates.
Channels can be seen to meander in the
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Chronostratigraphy and climate in the
Eastern Mediterranean, determined from a
purely pelagic core (left, after Herman
1986) and a summary of many cores
containing sapropelic and volcanic layers
(after Kempler etal, 1996).
The climatic curves, derived from floral
and faunal assemblages are very similar,
but the placement of sapropel dates are
slightly different. However, the anoxic
sediments are seen to be deposited either
during warm or cold climatic maximum
periods. The curves may be considered to
be applicable to both of the study areas of
this dissertation.
The oceanographic circulation of the Eastern
Mediterranean during the seasons of winter and
summer (adapted from Moskalenko &
Ovchinnikov, 1991). These simplified maps
show the main cells of current for the surface,
intermediate and deep water masses. All
currents are controlled by a combination of
surface winds, outflow from the Adriatic,
Aegean and Central Mediterranean Seas and
evaporation leading to sinking of the dense
intermediate and deep waters. The cells show
the dominant anti-cyclonic rotation of the water
masses, although smaller clockwise rotations are
present as eddy currents. Stronger currents are
seen during the winter season as the difference in
surface temperatures (hence evaporation)
between the Eastern and Western Mediterranean
is at its greatest. The effects of the resulting
water mass exchange, via the Sicilian-Tunisian
Platform, are presented in Chapters 5 and 6. The
currents effect the Herodotus Basin by
transporting suspended material from west to
east across the Nile Cone. This has allowed
fairly high rates of sedimentation on the Levant
Platform, even though the out flow of the
Damietta Branch of the Nile was significantly
reduced during the Pleistocene.
Current
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Depth
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Note: arrow dimensions do not relate
to current strength
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Abstract: The Herodotus Basin is the deepest part of the SE Mediterranean and receives
allochthonous sediments as turbidity currents and debris flows from around its margin.
During the late Quaternary, characteristic supply has been from at least four sources. These
are (1) dark coloured, calcium carbonate-poor fine-grained turbidites derived from the Nile
Cone to the south and south-east, (2) lighter coloured, calcium carbonate-rich, slightly
coarser-grained turbidites derived from the Libyan-Egyptian shelf to the south, (3) small,
light brown foraminifer-rich, muddy-silty turbidites derived from the Cyprus-Eratosthenes
seamount (Anatolian Rise) carbonate shelf to the east, and (4) small localized debris flow
deposits derived from the Mediterranean Ridge to the north. During the late Quaternary
(0-60 ka), and specifically the period of 0-27 ka, the basin has filled predominantly with
allochthonous material derived from the Nile Cone, although one megaturbidite of basin-
wide extent was derived from the Libyan-Egyptian shelf. Turbidites have been correlated
across the Herodotus Basin using the technique of chemostratigraphy. Matching the results
of geochemical analysis may show whether or not the beds in different cores were deposited
by the same mass-wasting event, for individual turbidites commonly have diagnostic and
unique geochemical 'fingerprints' in terms of major, minor and trace element composition.
Sediment budgets for the three main turbidite sources are calculated. The cumulative
volume of the sedimentary input for the Nile Cone- derived turbidites over the last 27 ka
is c. 500 km3, giving an average sedimentation rate of c. 45 cm ka"1, and a volume per unit
time of 18 km3 ka"1. A megaturbidite, derived from the Libyan-Egyptian shelf, is of basin-
wide extent and has a volume of c. 400 km3.
As part of the European Union-sponsored Methods
MAST II PALAEOFLUX programme, set up
to investigate biogeochemical fluxes in the All cores were split and described on the ship.
Mediterranean Sea, the RV Marion Dufresne P-Wave velocity (compressional wave) and
(Cruise 81, January-February 1995) collected a magnetic susceptibility measurements were
total of 30 long piston cores and nine box cores then made at 5 cm intervals using the shipboard
from the Western and Eastern Mediterranean, multi-sensor core logger operated and designed
, This paper presents the results of a study based by the geotechnical consultants Geotek Ltd
on five of these long piston cores (ranging from (Haslemere, UK). Detailed re-logging of the
13.7 to 25.8 m in length) recovered from the cores took place post-cruise together with stan-
Levantine Sea in the SE Mediterranean. These dard sedimentological analyses for grain size,
cores were taken along a c. 325 km long SW-NE calcium carbonate content and geochemistry
transect across the Herodotus Basin (Fig. 1, using inductively coupled plasma atomic emis-
Table 1). Preliminary results are also presented sion spectroscopy (ICP-AES) and micro-
from interpretation of 3.5 kHz high-resolution palaeontological analysis of foraminifera and
seismic profiles collected during the same nannofossils. Grain-size analyses of 88 sedi-
cruise. ment samples were made by wet sieving for any
The main purpose of this research is to sand fraction present and then using a
identify and correlate allochthonous units on the Micromeritics 5100 sedigraph size analyser for
plain, so as to estimate the amount of material measuring the fine fraction (2-63 m). Calcium
being eroded from sediment source areas per carbonate content (CaCO3) was determined by
unit time, and to quantify downslope transport acid treatment of hand-ground material and
of terrigenous material onto the plain during the coulometric detection of CO2. Replicate analy-
late Quaternary. ses and in-house standards were used to control
for error.
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Big. 1. Location map for the Herodotus Basin showing the bathymetry at 200 m, 500 m, and every 500 m
thereafter. The core positions (LC24-LC30) and ships track for RV Marion Dufresne Cruise 81 are shown,
together with the BAN-82 core (transect A) studied by Cita et al. (1984a) and Lucchi & Camerlenghi (1993).
Table 1. Location, depth and length of the five cores from this study (MD-81) and the nine cores from two
previous studies (BAN-82) by Cita et al. (1984a) and Lucchi & Camerlenghi (1993)
Core
no.
MD-81
LC24
LC25
LC27
LC29
LC30
BAN-82
PC-10
PC-11
PC-12
GC-13
GC-14
PC-15
GC-16
PC-17
GC-18
Core
type
Long piston
Long piston
Long piston
Long piston
Long piston
Piston
Piston
Piston
Gravity
Gravity
Piston
Gravity
Piston
Gravity
Water
depth
(corr. m)
3191
3129
3131
3138
3144
3198
3161
3088
3044
3088
2915
3008
3096
3066
Latitude
3217.71'N
3236.01'N
3248.91'N
3335.63'N
3404.70'N
3220.55'N
3226.19'N
3229.95'N
3234.55'N
3237.70'N
3242.60'N
3234.42'N
3232.45'N
3232.83'N
Longitude
2637.95'E
2723.25'E
2740.45'E
2856.32'E
2942.72'E
2658.98'E
2654.55'E
2652.62'E
2651.00'E
2648.14'E
2644.61'E
2650.86'E
2651.30'E
2650.49'E
Core
length
(m)
18.31
13.71
14.95
24,66
25.82
11.09
7.88
10.92
2.58
4.31
10.50
4.47
9.07
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Table 2. The 22 elements measured for geochemical analysis of the turbidite horizons using inductively coupled
plasma atomic emission spectroscopy (ICP-AES)
Element
TiO2
A12O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
Ba
Co
Cr
Cu
Li
Mo
Ni
Pb
Sc
Sr
Y
Zn
V
Units
%
%
%
%
%
%
%
%
%
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
Measured high
count
1,65
15.77
10.66
0.73
3.73
39.75
3.13
1.97
0.25
378.48
54.80
107.02
105.64
57.17
18.04
98.56
141.44
20.02
4254.32
30.20
101.35
193.60
Measured low
count
0.02
0.28
0.16
0.01
0.19
2.12
0,11
0.06
0.02
13.65
1.13
1.85
2.03
-8.39
-2.72
1.00
-8.96
0.28
110.99
0.82
2.47
4.06
A12O3 corrected
high count
0.14
_
0.73
0.07
0.75
12.17
0.48
0.22
0.09
56.10
8.30
8.94
11.07
-
-
9.22
-
1.33
1302.70
3.27
12.00
15.60
AI2O3 corrected
low count
0.06
_
0.42
0.004
0.20
0.15
0.15
0.07
0.013
12.93
2.00
3.24
2.47
-
-
3.54
0.95
9.87
1.60
4.78
8.59
Scaling
Factor (X)
100.00
_
10.00
1000.00
20.00
2.00
50.00
100.00
100.00
0.25
2.00
2.00
2.00
-
-
2.00
_
10.00
0.02
5.00
1.00
1.00
The measured high and low count numbers for each element have been corrected by dividing each element by
the AI2O3 measured value for the separate samples and then scaled by a factor X to fall between 0.00 and
25.00 (Grant 1986). Li, Pb and Mo were disregarded because of their negative low count number.
Just under 200 samples were taken from tur¬
bidite beds for analysis of 22 major, minor and
trace elements. The analyses were performed
using ICP-AES after digestion of 0.5 g of sample
with a combination of hydrofluoric, perchloric
and nitric acids. Accuracy was checked using
standard reference materials and monitored
with in-house standards. Precision was better
than 5% for all elements. The results were first
normalized to their AI2O3 value, and then scaled
so that a number for the whole range of elements
was obtained that fell between zero and 25,
following the method of Grant (1986) (see Table
2).
Geological setting and previous work
The Herodotus Basin or Abyssal Plain is an elon¬
gate depression in the Eastern Mediterranean
defined by the 3000 m isobath. It is bounded to
the NW by the accretionary prism complex
forming the Mediterranean Ridge and to the SE
by the Nile Cone. The shorter SW and NE ends
of the basin are bounded by the Libyan-Egypt¬
ian continental slope and Anatolian Rise,
respectively (Fig. 1). Convergence of the Euro¬
pean and African plates has created and
deformed the Mediterranean Ridge accretionary
prism resulting in complex topography along the
NW margin of the basin, whereas growth and
progradation of the Nile Cone has occurred
across the SE part of the basin. Bathymetric
study shows that much of the floor of the basin is
no longer a plain in the true sense (as a result of
deformation) and therefore the term 'basin' is
used rather than 'abyssal plain'.
Two previous papers discussed sedimentary
processes and patterns in the Herodotus Basin
(Ota et al. 1984a; Lucchi & Camerlenghi 1993).
Both concerned a study based on the RV
Bannock BAN-82 cruise, during which five
piston cores and four gravity cores were col¬
lected on a SE-NW transect across the width of
the Herodotus Basin and onto the Mediter¬
ranean Ridge (Fig. 1). Cita et al. (1984a) detailed
the petrology and sources for two distinct types
of turbidites (Type-A and Type-B). The Type-A
turbidites have a black plastic mud fraction rich
in smectite, a terrigenous silt fraction, and are
sourced from the Nile Cone. The light olive grey22 M. REEDER ETAL.
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Fig. 2. Acoustic fades-physiographic map of the Herodotus Basin based on analysis of 3.5 kHz data from the
RV Marion Dufresne Cruise 81 and 12 kHz and GLORIA side-scan sonar data from the RRS Discovery
Cruises 40,55 and 104 (Kenyon et al. 1975; Stride et al. 1977). The 3.5 kHz analysis is after criteria of Jacobi &
Hayes (1993). Acoustic facies A-C are explained in the text; profiles shown in Fig. 3 are located. The GLORIA
data show the predominant SW-NE trends of folds and faults on the Mediterranean Ridge and the canyon and
channel orientations of the Nile Cone. The Herodotus Basin is delineated by the 3000 m isobath (bold line).
Type-B turbidites are coarser grained, carbon¬
ate rich with a shallow-water, bioclastic, basal
sand poor in smectite, and sourced from the
Libyan-Egyptian shelf. A conspicuous megabed
termed 'ß' by Cita et al. (1984a), also sourced
from the Libyan-Egyptian shelf, was noted with
an estimated volume of 10 km3. Lucchi &
Camerlenghi (1993) concluded that the tur¬
bidites from the Libyan-Egyptian shelf travelled
up the slope of the Mediterranean Ridge for as
much as 57 km to a height of 283 m above the
basin floor. In addition, the present study has
revealed a third turbidite type, 'Type-C, a pale
greyish yellow brown, carbonate-rich,
foraminifer-rich silty mud sourced from the east
towards the Anatolian Rise.
Material derived from the more tectonically
active European margin is trapped in the
Fig. 3. Selected 3.5 kHz high-resolution seismic profiles across the Herodotus Basin, showing the
characteristics of common echo-types and morpho-acoustic provinces. Profiles are located in Fig. 2. (a) Facies
A: the deformation front associated with the Mediterranean Ridge accretionary complex showing ponded
turbidites between uplifted blocks and ridges. Alongside, 3.5 kHz profiles across sites LC24 and LC 29 (Ax and
A2, respectively) stationed within the ponded areas, showing thick acoustically transparent layer, (b) Facies B:
impeded acoustic penetration interpreted as reflecting the presence of a surficial sandy lobe of the Nile Fan.
(c) Facies C: thinly bedded sub-parallel reflectors from the Nile Cone, with small channels.o
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Hellenic Trench north of the Mediterranean
Ridge and consequently cannot reach the
Herodotus Basin (Cita et al. 1984a; Lucchi &
Camerlenghi 1993). However, some local
downslope reworking from the Ridge itself may
occur together with a minor input to the NE end
of the basin from the Anatolian Rise.
Morphology and acoustic fades
A preliminary acoustic fades map has been con¬
structed for the Herodotus Basin (Fig. 2) using
the 3.5 kHz profiles collected during RV Marion
Dufresne Cruise MD-81 and GLORIA side-scan
sonographs from other cruises in this region
(RRS Discovery Cruises 40 and 55, Kenyon et al.
(1975) and Stride et al (1977), respectively).
This shows that the truly flat portion of the basin,
the abyssal plain, is smaller by approximately
half in extent than previously mapped,
Echo types on the 3.5 kHz records have been
classified on the basis of clarity and continuity of
sub-bottom echoes, the depth of sub-sea-floor
penetration by the acoustic signal, and micro-
topography (cf. Kidd et al. 1985; Jacobi & Hayes
1993). Three acoustic facies or province types
have been identified, named A-C.
(A) A morpho-aeoustie province consisting of
a series of parallel ridges, separated by elongate
basins. The Herodotus Abyssal Plain was a true
plain in the past, but because of the collision of
the African and European plates the northern
part of the plain has been deformed into a
system of parallel ridges and asymmetric troughs
(Fig. 3a). These ridges increase in relief towards
the Mediterranean Ridge up to about 100 m
above the adjacent plain. Where they have
greatest relief they display a hyperbolic echo
type with a single, thick, sandy-type reflector,
whereas the lower-relief ridges still show
deformed but parallel sub-bottom reflectors
similar to the flat portion of the plain. Defor¬
mation appears to continue to be active, and the
developing microtopography clearly interacts
with incoming turbidity currents, such that the
parallel continuous sub-bottom reflectors of the
troughs pinch out and onlap the rising ridges
(Fig. 3a).
(B) The second acoustic facies type is a strong
prolonged surface reflector with impeded
acoustic penetration (Fig. 3b). This is inter¬
preted as part of a sandy, lower-fan lobe system
extending from the Nile Cone, based on anal¬
ogous, but cored echo-types in other areas
reported by Jacobi & Hayes (1993) and others.
(C) The third distinct acoustic facies type is
the thinly bedded, continuous, sub-parallel
reflectors that characterize the Nile Cone
(Fig. 3c). The 3.5 kHz seismic profiles show the
presence of abundant low-relief channels which
incise the thinly bedded sediments (Kenyon et
al. 1975; Stride et al. 1977).
The GLORIA side-scan images show rela¬
tively small-scale relief providing widespread
evidence of distinctive structural trends on the
floor of the Herodotus Basin region (Kenyon et
al. 1975; Stride et al. 1977). The data show that
much of the Mediterranean Ridge comprises
one or more sets of linear or curvilinear ridge
features, some of which lie parallel to the ridge
axis (SW-NE) whereas others lie perpendicular
to it (NW-SE). The trend of these ridges is also
approximately parallel to that of the Herodotus
Basin, demonstrating a principal stress orien¬
tation, and hence the NW-SE direction of the
collision between Africa and Eurasia in this
region (Fig. 2).
The side-scan sonar images show a number of
channel and canyon trends on the Nile Cone.
These are predominantly seen around 3300'N,
2930'E trending in a northwesterly direction
towards the Herodotus Basin between core sites
LC27 and LC29 (Fig. 2). Other meandering
channel systems and canyons are seen to the
north and north east of this region, radiating
from the distal parts of the cone. One such
channel, adjacent to core site LC29 (Fig. 4),
appears to have encroached into the basin.
The core stations that form the basis for this
study were sited on areas of continuous parallel
sub-bottom reflectors situated in the troughs
between ridges or uplifted blocks (Fig. 3, Aj and
A2), and represent abyssal plain sediments.
Sediment types
Six main sediment types are recognized in the
cores and can be distinguished on the basis of
colour, composition, grain size and geophysical
properties. The two dominant sediment types are
the two contrasting types of turbidites (Type-A
and Type-B) first described by Cita et al. (1984a),
whose terminology is retained. The third, Type-
C turbidite, is recorded in cores LC29 and LC30,
and has similar composition and geophysical
properties to the Type-B turbidites. In our study,
prominent individual turbidites are identified by
letter notation, from turbidite 'p' at the base of
the core to turbidite 'a' at the top. Correlation of
these turbidites between cores using the above
properties has been confirmed by chemostrati-
graphical techniques (see discussion below).
Between individual turbidites there are thin
pelagic-hemipelagic intervals and, towards the
top of each core, a distinctive dark-coloured
sapropel is present. A chaotic, clast-rich mud unit'6Ö7 3J?S 3JO:5 1 Jiraoefpe uoÄires-jsuireip Suugpueain b jo ijdBjSouos VIHCHO
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Fig. 5. Lithological logs for the five long piston cores (LC24-LC30) from the Herodotus Basin, showing
correlation (oblique hatching) of a thick mud megabed n on the basis of major, minor and trace element
geochemistry. The transect length is 325 km.
present in one core (LC30) is interpreted as a
muddy debris-flow deposit.
Type-A turbidites
These are mud-rich, dark brown-grey in colour
(typical Munsell colour value 10YR3/2, US Geo¬
logical Survey Rock Color Chart Committee
1991) and range in thickness from <15 cm to >7
m (Fig. 5). Very few sedimentary structures are
apparent except weak parallel lamination and
discontinuous wavy lamination towards the base
of beds. Some of the turbidites contain small iron
sulphide nodules (1-5 mm) throughout (Fig. 6a).
Type-A turbidites show a broadly bipartite grain-
size structure with a thicker upper ungraded or
homogeneous mud division (mean size 47 m)
overlying a thinner, normally graded basal div¬
ision, which ranges up to medium-coarse sand
(<1 mm) in grain size at the base of thicker beds.
These thicker beds also show a subtle oscillation
in mean grain size through both divisions (Fig. 7).
Type-A beds are best interpreted as fine-grained,
distal turbidites, mostly displaying Stow T5-T8
turbidite divisions (Stow & Shanmugam 1980;
Stow 1985) or Piper E2-E3 divisions (Piper &
Stow 1991). The coarser basal intervals of some
beds belong to Stow T2-T4 or Piper Bl fine¬
grained turbidite divisions.
Smear-slide examination of the silt and sand
fractions of Type-A turbidites shows them to
comprise mainly terrigenous quartz, feldspar
Fig. 6. Split-core photographs of sediments and sedimentary structures in selected cores, (a) Fine-grained,
randomly spaced millimetric iron sulphide nodules in a dark brown-grey (10YR3/2) Type-A turbidite mud.
(b) Base of a light olive-grey (5Y5/2) Type-B turbidite showing laminations, (c) Bioturbated pelagic and
hemipelagic sediments with thin graded turbidite layers, (d) Oxidized, laminated and convoluted Type-A
turbidite b within SI Sapropel. (e) The Debrite in LC30, deposited within SI Sapropel, comprising clasts of
Type-A and Type-B turbidites and sapropelic material.w
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and mica (see Cita et al, 1984a for detailed
analysis). The coarse fraction contains abun¬
dant plant debris and other dark organic
material. Foraminifera and pteropods are also
present in the coarser-grained size fractions.
Calcium carbonate content of Type-A tur-
bidites ranges from 4 to 16% (mean 10%),
magnetic susceptibility is relatively high
(80-150 SI units), and P-wave velocity is around
1550 ms-1 (Fig. 8).
Type-B turbidites
The less common Type-B turbidites are a light
olive-grey in colour (typical Munsell colour
value 10YR6/2) and range in thickness from a
few centimetres to >16 m in LC24 (Fig. 5). Like
the Type-A turbidites, Type-B are predomi¬
nantly thick, structureless, homogeneous muds
with thinner silty and sandy bases. However, the
sand-silt unit at the bottom of cores LC24 and
LC27 is >1 m thick and the base of this turbidite
was not penetrated. Indistinct parallel lamina¬
tion occurs in the lower part of the mud division,
whereas the sand-silt division may show both
parallel and cross-lamination (Fig. 6b). Beds
show either a bipartite or tripartite grain-size
structure with ungraded mud (4-6 um) overlying
slightly graded mud (4-10 m) and normally
graded sUt-sand (up to coarse sand, <1 mm). A
slightly irregular oscillation of mean grain size is
apparent throughout the large Type-B turbidite
n (Fig. 7).
Bed n of the Type-B turbidites is a very thick
turbidite or 'megaturbidite', comprising Stow
and Piper divisions T5-T8 or E2-E3> respectively,
through the thicker upper mud part, and a
coarse-grained sandy base (TCD Bouma div¬
isions, Bouma 1962). Megaturbidites of this sort
have been recognized from a number of other
Mediterranean basins. For example, the Ionian
Sea tsunami-induced 3.5 ka 'Homogenite' of
Kastens & Cita (1981) and Cita et al. (1984&) is
a body of homogeneous hemipelagic mud
characterized by a thin, normally graded,
foraminiferal sand at the base. Similar deposits,
such as the Unifltes described by Stanley (1980,
1981), have been stripped of the sand fraction
through deposition in small slope basins during
emplacement, leaving a homogeneous or
uniform mud body. The Libyan-Egyptian
megaturbidite n shows similar characteristics to
those mentioned above, except the sand fraction
of the turbidite is thicker than that of the
Homogenite and Unifites, and megaturbidite n
is a factor of ten times greater in volume.
Analysis of smear slides of the coarse-grained
basal sand of megaturbidite n shows quartz,
calcite and a high proportion of shelf-derived
bioclastic material, such as gastropods, sponge
spicules, bivalves, bryzoans, pteropods, and
shallow-water benthic and planktonic fora¬
minifera. Some Type-B turbidites also have
significant amounts of white and grey pumice
grains, dark igneous minerals (e.g. pyroxenes
and amphiboles), and cuspate and lunate vol¬
canic glass shards. Calcium carbonate is typically
around 50%, magnetic susceptibility values are
low (25-45 SI units), and P-wave velocities
around 1560-1580 m s"1 (Fig. 8).
Type-C turbidites
The rare Type-C turbidites are a moderate
yellow-brown in colour (typical Munsell colour
value 10YR6/4) and only reach 72 cm (turbidite
k) and 35 cm (turbidite m) in thickness in core
LC30 (Fig. 5). These small Type-C turbidites are
predominantly structureless, homogeneous
muds with centimetre thick-silty and sand-sized
foraminifer-rich bases.
Like the Type-B turbidites, the Type-C tur¬
bidites comprise Stow and Piper fine-grained
turbidite divisions Ts-T8 or E2-E3, respectively,
through the thicker upper mud part, and a cen¬
timetre-thick TcD Bouma-division medium-
grained sandy base.
Analysis of smear slides of the coarse-grained
basal foraminiferal sand fractions shows a high
proportion of both benthic and planktonic
foraminifera (>70%), calcite (10%), muscovite
mica (5%) and quartz (5%). There is a small
fraction of shelf-derived bioclastic material con¬
sisting particularly of gastropods (5%). The
Type-C turbidites also have significant amounts
of dark igneous minerals (e.g. pyroxenes and
amphiboles) and green volcanic glass (<5%).
The composition of the Type-C turbidites is very
similar to that of the Type-B megaturbidite n,
although the colour is much paler. Other differ¬
ences occur in the calcium carbonate percent¬
ages, which are generally lower than the Type-A
turbidites at around 40%. The magnetic suscep¬
tibility values fall between those of the Type-A
and Type-B turbidites (40-45 SI units), and
Fig. 7. Selected downcore parameter profiles for turbidite d (Type-A) and turbidite n (Type-B) in cores LC29
and LC30. Average grain size was measured and is shown against the P-wave velocity and magnetic
susceptibility (multi-sensor core logger data).30 M. REEDER ETAL.
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P-wave velocities are similar at around
1550-1575 m s-1.
Pelagic and hemipelagic deposits
Thin pelagic-hemipelagic intervals occur
between many, but not all, turbidite beds. They
are typically mixtures of a pale yellowish
(10YR6/6) biogenic mud and either brownish
grey (10YR3/2) or light olive grey (5Y5/2) muds
depending on the nature and colour of the
underlying turbidite. They range in thickness
from <1 cm to >20 cm, and are characterized by
bioturbation and the occurrence of scattered
foraminifera throughout (Fig. 6c). Trace fossils
include Chondrites, Planolites and Phy-
cosiphon. From their mixed calcareous-terrige¬
nous (quartz and muscovite mica) composition
and silty grain size, these sediments may be
classified as hemipelagites (Stow et al. 1996),
although the distinct colour gradation from the
underlying turbidites suggests hemiturbidite
deposition may have occurred (Stow & Wetzel
1990).
Sapropels
Dark, greyish black (typical Munsell value
NO-Nl), organic-carbon-rich sediments (Corg
value >2%, Higgs et al. 1994) known as sapro¬
pels are well documented from the eastern
Mediterranean (e.g. Aksu et al. 1995; Thomson
et al. 1995). A number of thin sapropelic inter¬
vals occur in the upper parts of all cores studied
from the Herodotus Basin at a cored depth of
between 0.2 and 8.7 m. Individual layers range
up to 21 cm in thickness and are generally well
laminated (Fig. 6d). Some of these layers
contain abundant well-preserved pteropods
(although in others these are absent), together
with warm-water pelagic and benthic
foraminifera (Kahler & Dossi 1996, see below).
These layers occur interbedded with a variable
number and thickness of turbidites in different
cores. However, on the basis of faunal content
and near-surface occurrence (Kahler & Dossi
1996), they are all considered as part of the same
SI Sapropel interval. The SI Sapropel has been
dated as between 5-6.5 and 9 ka (Bethoux 1993;
Higgs etal. 1994; Rohling 1994; Aksu et al. 1995),
and is interpreted as indicating a period of
anoxic bottom-water conditions in the Eastern
Mediterranean
Debrites
This sediment type occurs only in core LC30
from the northeastern part of the basin. It has
been deposited within the SI Sapropel interval
of sections 18 and 19 (Figs 5 and 6e). It is a dis¬
organized mud breccia 82 cm thick, containing
irregular to rounded clasts of dark-coloured
sapropelic mud and clasts of hemipelagic mud
and Type-A, Type-B and Type-C turbidite muds.
The sub-rounded-sub-angular clasts are poorly
sorted and range in size from <1 cm to 12 cm.
Both clasts and matrix generally show plastic
deformation structures. Core-parallel elon¬
gation of many clasts is apparent, and is inter¬
preted as the result of disturbance during coring.
This sediment type is interpreted as a debrite
(e.g. Stow & Piper 1984; Stow et al. 1996) that
seems to be restricted in occurrence to the
northern flank of the Herodotus Basin, as were
similar debrites noted by Cita et al. (1984a) and
Lucchi & Camerlenghi (1993) during the BAN-
82 cruise.
Correlation and dating
To determine the extent and geometry of indi¬
vidual turbidite beds in the Herodotus Basin,
and to more accurately estimate turbidite
volumes emplaced, three techniques haveibeen
used to make a precise correlation between the
cores sampled along the 325 km transect.
Geophysical correlation
Generally there is a close correspondence
between the distinct, parallel reflectors on the
3.5 kHz high-resolution seismic profiles across
the core sites and the contacts between thicker
individual turbidite beds, especially where beds
are underlain by basal sands (Fig. 8). High-
amplitude reflectors mark the bed contacts
and/or sandy bases, and acoustically transparent
zones typically correlate with the thick struc¬
tureless turbidite muds. Other geophysical prop¬
erties, such as P-wave velocity and magnetic
susceptibility, further help to characterize indi¬
vidual beds, but resolution of the thinnest beds
is not possible on the geophysical records and
hence correlation cannot be precise in all cases.
The distinctive megaturbidite n (a Type-B tur¬
bidite) correlates with a particularly thick
acoustically transparent layer seen on the 3.5
kHz high-resolution seismic profiles that can be
Hg. 8. Geophysical downcore profiles for cores LC29 and LC30 (P-wave velocity and magnetic susceptibility)
with corresponding 3.5 kHz high-resolution seismic profiles across the core sites.32 M. REEDER ETAL.
traced with confidence over the full length of the
basin (Figs 3 and 8). The top of this layer
increases in depth from about 2 m below the top
of the core in the SW (LC24) to over 21 m below
the top of the core towards the NE (LC29), and
then shallows to a depth of about 5 m in the
extreme NE (LC30). The 3.5 kHz profiles show
a very similar pattern to the cores recovered,
suggesting that very little of the sediment above
the megaturbidite has been lost as a result of the
coring process (centimetres rather than metres).
The thickness of megaturbidite n, estimated
from the 3.5 kHz records using a sediment inter¬
val velocity of 1500 m s"1, appears to decrease
slightly from c. 20 m in the SW (core LC24) to
c, 10 m in the NE (core LC30). This has proved
to be the case when measuring the thickness of
sediments above megaturbidite n in the cores
(18 m and 11.5 m for cores LC24 and LC30,
respectively). Megaturbidite n and other
acoustic beds thin markedly against local defor¬
mation ridges that characterize the NW part of
the basin (Fig. 3b).
There is some evidence from 3.5 kHz profiles
that fewer, thicker megaturbidites characterized
the late Quaternary. The topmost megaturbidite
sampled in our cores was derived from the
Libyan-Egyptian shelf, although the underlying
megabeds may have been derived from any of
the sources. Another three or four megabeds are
recognized on the 3.5 kHz seismic profiles, but
these were not penetrated by the corer.
Liihological correlation
The broad similarity of sediment types and their
distribution in all five cores examined allows a
preliminary lithological correlation. The appar¬
ent recognition of the Type B megaturbidite n
on the 3.5 kHz seismic profiles show this bed's
considerable extent. The sapropel layers that
occur towards the tops of all five cores are identi¬
fied as the SI Sapropel of previous workers, and
therefore represent a single dateable horizon
(5-6.5 to 9 ka). There is little variation in sedi¬
ment thickness above this horizon, but in the
central and NE parts of the basin (LC27 to
LC30) one or more thick turbidites are inter¬
calated with the sapropels.
Geochetnical correlation
High-resolution geochemical analysis by ICP-
AES of all five Herodotus Basin cores provides
a precise correlation tool that is effective over
the entire 325 km transect across the Herodotus
Basin. Individual turbidite events have their
own geochemical signatures (Fig. 9), even
though they may share similar colour, composi¬
tional, and geophysical properties (cf. Pearce &
Jarvis 1992,1995; Wray & Gale 1993). To assess
the degree of geochemical similarity shown by
individual turbidites in different cores, cross-
plots of the same elements in different cores
were made. The regression coefficient of the
best fit line so obtained can be used as a measure
of similarity.
These multiple-element cross-correlation
plots are illustrated for the upper ungraded mud
interval (E3) of two Type A turbidites (Fig. 10a)
and two Type B turbidites from cores LC27 and
LC25 (Fig. 10b). In each case element concen¬
trations are virtually identical and the beds can
be identified as the same in both turbidite d and
megaturbidite n (Figs 10a and 10b, respectively).
By contrast, poor correlations are seen if the two
turbidites compared are not from the same
event; this is evident in Fig. 10c, where two unre¬
lated Type-A turbidites are plotted against each
other to give a poor coefficient of correlation.
The beds were subsequently identified as tur¬
bidites g and d, using a combination of the other
correlation techniques mentioned above.
However, the gram size of the samples com¬
pared must be taken into consideration. Figure
lOd is a cross-plot of elements from the mud and
sand fractions of the same turbidite, and the cor¬
relation is poor. Fine fraction must be compared
against fine fraction. Using the same grain-size
fraction for comparison allows a possible corre¬
lation for each turbidite on a basin-wide basis
(Fig. 11).
Dating
Three different methods have been used to esti¬
mate the age of beds recovered from the
Herodotus Basin: relationship to the SI
Sapropel, micropalaeontological study, and
determination of the thickness of pelagic inter¬
vals. It is hoped that future stable-isotope work
will confirm these preliminary findings.
The SI Sapropel is well documented through¬
out the Eastern Mediterranean and dated to
between 5-6.5 and 9 ka (Bethoux 1993; Higgs et
al. 1994; Rohling 1994; Aksu et al. 1995). This
provides the most recent date in our cores,
although some controversy remains concerning
the exact termination of this period of anoxia
(Higgs et al. 1994; Aksu etal. 1995). The S3 and
older sapropels (S3 is dated at 79 ka, Hilgen,
1991) were not recovered in any of the basin
cores used in this study.
Examination of the planktonic foraminifera
(Kahler & Dossi, 1996) shows warm-water
assemblages in the upper parts of all cores, withHERODOTUS BASIN. SE MEDITERRANEAN 33
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a very warm-water assemblage in the SI Sapro¬
pel horizon including Globigerinoid.es ruber,
Globigerinoides sacculifer, Hastigerina siphon-
iphera, Globigerinoides trilobus trilobus, Glo¬
bigerinoides trilobus immaturus, Globigeri¬
noides elongatus, Globigerina calida, Orbulina
universa, Globorotalia truncatulinoides and
Globigerina rubescens. Turbidites g and e in core
LC29 yield both warm- and cold-water species,
the latter including left-coiling G. truncatuli¬
noides and a high proportion of juveniles.
Megaturbidite n also shows a mixed assemblage,
whereas turbidite o (core LC30) has a distinctly
cold-water fauna including Globigerina bul-
loides, Globigerina glutinata, G. elongatus and
O. universa. These data would suggest a Pleisto-
cene-Holocene boundary near the top of tur¬
bidite e, assuming a few warmer-water species
beginning to return to the Mediterranean as the
climate became warmer from c. 12-10 ka.
A total of 11 samples were taken for nanno-
fossil analysis from supposed hemipelagic inter¬
vals near the base of all five cores. All samples
examined contain abundant coccoliths, but
some of the material is highly contaminated with
older nannofossils as a result of either bioturba-
tion or hemiturbidite processes. However, the
assemblage is consistently dominated by Emilia-
nia huxleyi, indicating that the pelagic fraction of
all samples originates from the late Pleistocene
E. huxleyi acme interval (Weaver 1983). This
places all the recovered section above the earli¬
est part of oxygen isotope stage 3, that is
approximately within the last 60 ka.
A first-order estimate of the age at the base of
the deepest penetrating core (LC30) can be
obtained by adding up the cumulative thickness
of pelagic-hemipelagic deposits, and by assum¬
ing a constant rate of accumulation for this
material, assuming that no erosion by turbidity
currents has occurred (cf. Weaver & Kuijpers
1983). Biostratigraphical study of a large number
of Eastern Mediterranean cores suggests a rate
of c. 2.5-3.0 cm ka"1 for pelagic sedimentation (E.
Rohling, pers. comm. 1996). This places the base
of core LC30 at about +27 ka (Table 3).34 M. REEDER ETAL.
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Table 3. Minimum age calculations for each of the turbidites recorded in the Herodotus Basin
Turbidite
Turbidite a
Turbidite b
Turbidite c
Debrite
Turbidite d
Turbidite e
Turbidite f
Turbidite g
Turbidite h
Turbidite i
Turbidite j
Turbidite k
Turbidite 1
Turbidite m
Turbidite n
Turbidite o
Turbidite p
Type
A
A
A
A
A
A
A
B
B
B
C
C
C
B
A
B
Present in
cores
LC30
LC29 and LC30
All
LC30
All
LC29andLC30
LC29
AU
All
All
All
LC30
LC30
LC30
All
LC30
LC30
Max.
Thickness
(mi
0.15
0.61
7.49
0.82
6.69
1.21
0.20
3.43
0.14
0.07
0.06
0.75
0.05
0.35
>15.71
1.79
0.05
Max. pelagic material
between this and overlying
turbidite (cm)
within SI*
within SI*
within SI*
within SI*
0.0
8.0
3.0
3.0
6.0
11.0
5.5
1.0
6.5
2.0
0.0?
0.0?
0.0?
Cumulative
pelagics down
core (cm)
_
_
_
0.0
8.0
11.0
14.0
20.0
31.0
36.5
37.5
44.0
46.0
>46.0
>46.0
>46.0
Minimum
age
(ka)
6.5
7.0
7.5
8.0
9.0
12.0
13.5
14.5
17.0
21.5
23.5
24.0
26.5
27.5
>27.5
>27.5
>27.5
Ages were obtained by using an accumulation rate of 2.5-3.0 cm ka-1 (assuming no erosion) and by taking the
base of the SI Sapropel to be 9 ka.
* Dated as being deposited between 5-6.5 and 9 ka (Bethoux 1993; Higgs et al, 1994; Rohling 1994; Aksu et al.
1995; Thomson etal. 1995).
Discussion
The sedimentology, mineralogy and palaeontol¬
ogy of the three types are so different that sepa¬
rate sources have to be considered. The dark
brown-grey, fine-grained, quartz, mica and
feldspar-rich Type-A turbidites are most
probably sourced from the Nile River drainage
basin via the Nile Cone (Cita et al. 1984; Lucchi
& Camerlenghi 1993). The light olive-grey,
coarser-grained CaCCyrich Type-B turbidites,
which have negligible terrigenous content, are
probably derived from the carbonate-rich
Libyan-Egyptian shelf. The moderate
yellow-brown, foraminifer- and CaCCVrich
Type-C turbidites are probably derived from the
Anatolian Rise to the east of the basin. They
cannot be a reworked product of the Type-B
megaturbidite n as the Type-C turbidites have
small coarse-grained basal fractions which are
absent in the thick mud top of the megaturbidite.
These proposals for likely provenances are sup¬
ported by the known dispersal patterns of clay
minerals in the sediments of the Eastern
Mediterranean Sea (Venkatarathnam & Ryan
1971), and by previous work of Cita et al. (1984a).
Architecture of the Herodotus Basin fill
The three-dimensional geometry of the three
types of turbidite is significantly different (Fig.
11). Megaturbidite n, derived from the
Libyan-Egyptian margin, extends across the
entire basin, decreasing in thickness from c. 18 m
in the S W (measured in core LC24 and noted on
the 3.5 kHz profiles) to 11.5 m at LC30 in the
NE. This apparently uniform decrease in thick¬
ness, however, is modified by the ridge-trough
system aligned parallel to the length of the basin
adjacent to the Mediterranean Ridge. Within
each trough segment between adjacent ridges,
megaturbidite n is thickest on the NW side,
gradually thins across the trough and then thins
dramatically to zero as it rises up towards the
crest of the lower ridge to the SE (Fig. 3a). This
thickness variation is probably due to flow
ponding in the deeper part of the asymmetric
basins. The flow thins over the gentler flank of
the lower ridge but does not rise up the steeper
margin of the higher bounding ridge. This
further suggests that the flows identified were
less thick than the height of the highest ridge (i.e.
<100 m).
Fig. 11. Ribbon diagram showing turbidite correlation across the Herodotus Basin. (Note the greater
thickness of recent Nilotic turbidites at the site of LC29, suggesting this formed the main depocentre during
the late Quaternary.)36 M. REEDER ETAL.
By contrast, the post-n turbidites, predomi¬
nantly derived from the Nile Cone, show a main
depocentre centred on 3336'N, 2857'E (core
LC29) downslope from a fan distributary
channel (Fig. 4). These Type-A turbidites thin to
the SW and NE, indicating that they were
derived from rather smaller flows than megatur-
bidite n and that individual turbidity currents
spread in two directions on entering the plain (or
on reaching the NW margin) so that part is seen
to the SW and part to the NE. The Coriolis force
was clearly insufficient to constrain flow direc¬
tion only to the right. Many of these thinner
flows then travelled the full length of the basin in
either direction, although small-volume tur¬
bidites, (a and b) are rather more restricted. The
post-n sediments are some 21 m thick in LC29,
decreasing to about 4 m in thickness at LC27
some 100 km SW, and to about 6 m in thickness
at LC30 which is about 80 km to the NE.
During the latter part of the Pleistocene (since
at least 27 ka), and the entire Holocene, Nile
Cone turbidites represent the main allochthon-
ous input into the basin. Turbidites derived from
the Anatolian Rise region to the east (Type-C)
are only seen in LC30 in the NE of the basin. The
medium-sized turbidites, k and m, have silty,
erosive bases but are not seen to extend along
the basin in a SW direction. Turbidites of similar
sizes or smaller, derived from other sources, are
present in other cores in the basin. This may
suggest that the mass-wasting events producing
the Type-C turbidites k and m were either
oblique on entering the basin or were ponded
between the deformation ridges, and hence did
not proceed down the length of the basin.
Cita et al. (1984a) and Lucchi & Camerlenghi
(1993) showed the extent of the turbidites across
the width of the Herodotus Basin towards its SW
end. Their sample sites formed a transect from
the middle of the basin and onto the Mediter¬
ranean Ridge accretionary prism (Fig. 1).
Although the cores from the BAN-82 cruise only
penetrated a maximum of 12 m, they penetrated
older sediments than the cores used in the
present study (Fig. 12). These cores show that
other Type-A (Nile Cone) and Type-B
(Libyan-Egyptian shelf) turbidites from below
megaturbidite n were present. Older sapropels
(S3-S8) were also recovered. Turbidite n is seen
to also be the major event in these cores, with
PC-10 showing similar stratigraphical character¬
istics to those seen in LC24. The Libyan-Egypt¬
ian megaturbidite n correlates with the ß
turbidite described by Cita et al. (1984) and
Lucchi & Camerlenghi (1993). Although it is not
possible to determine an exact correlation
between the Nile Cone derived turbidites of Cita
et al. (1984a) in Fig. 12 and those from this study,
it is evident that the turbidites become much
thinner on the transect from the centre of the
Herodotus Basin onto the Mediterranean Ridge.
Cita etal. (1984a) noted that in two cores (GC-
13 and GC-14) the debrites occurred within the
SI Sapropel (Fig. 12). However, in cores taken
from farther up the Mediterranean Ridge and
farther onto the Herodotus Basin floor, these
were absent. These debrites are not thought to
originate from the same event as that found in
core LC30 at the NE end of the basin. Debrites
are generally not as laterally extensive as tur¬
bidite deposits and this irregular pattern of depo¬
sition could be due to local collapse on the NW
flank of the Herodotus Basin from the Mediter¬
ranean Accretionary Prism (Fig. 13), or possibly
from the smaller tectonically active ridges.
Using the core data from the two studies,
together with the 3.5 kHz profiles from this
study, it is possible to construct a preliminary
isopach map of sediments above the n megabed
(Fig. 13). This does not take into account local
variations in sediment thickness related to the
ridge-trough topography. The main recent
depocentre for the Herodotus Basin is seen to be
centred around 3336'N, 2857'E (LC29). This
corresponds to the region of major sediment
input from the Nile Cone. This is probably
related to the presence of meandering feeder
channels providing sediment preferentially to
this region as shown by the GLORIA side-scan
sonar image in Fig. 4.
Sediment budgets
Summing of pelagic intervals and using an
average rate of sedimentation of 2.5-3.0 cm ka"1
(E. Rohling, pers. comm. 1996) allows approxi¬
mate dates for individual turbidite emplacement
(Table 3). As the allochthonous beds have been
correlated layer-by-layer across the basin using
chemostratigraphy, the approximate volumes
for each of the larger, laterally extensive tur¬
bidites can be calculated (Table 4). Cita et al.
(1984a) placed a rather conservative figure of
just 10 km3 for the volume of the Libyan-Egypt¬
ian megabed n. This study revises this figure
upward considerably to c. 400 km3, with an
average thickness for the turbidite of 10 m and
the dimensions covered by the turbidite as a
c. 100 km in width and 400 km in length. The
average frequency of turbiditic emplacement of
all types is calculated as one event every 1.6 ka.
The volumes and frequencies of the Type-A
Nile Cone turbidites have also been calculated
(Table 4), so that sediment budgets can now be
determined for the two main sources ofHERODOTUS BASIN, SE MEDITERRANEAN 37
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Fig. 12. Schematic ribbon diagram of six of the nine cores recovered by the BAN-82 expedition, adapted from
Cita et al. (1984a) and Lucchi & Camerlenghi (1993). (See Fig. 1 for location of cores.) Turbidite n (this study)
correlates with turbidite ß of Cita et al. (1984a).
turbidites. The cumulative volume of the sedi¬
mentary input for the Nile Cone source is c. 500
km3, giving an average sedimentation rate of
c. 45 cm ka"1. The volume per unit time is there¬
fore c. 18 km3 ka"1. The megaturbidite n, of
Libyan-Egyptian shelf derivation, has a volume
of c. 400 km3. Type-C turbidites, derived from
the Anatolian Rise, have a smaller volume of
12 km3, with a sedimentation rate and volume
per unit time of 1 cm ka"1 and 0.4 km3 ka^1
respectively.
Sedimentary classification of the late
Quaternary turbidite basin fill
Pilkey (1987) discussed the factors that control
basin-plain geometry: (a) the arrangement of
entry points around the edge of the plain and (b)
the ratio of the drainage basin area to the area of
basin-plain floor. The Herodotus Basin is domi¬
nated by turbidites, including large-scale events,
sourced from the Nile Cone, the Libyan/Egypt¬
ian carbonate shelf, and the Anatolian Rise (Fig.
13). In Pilkey's classification of basin plains, the
entry point configuration for the Herodotus
Basin would be Type A, a radial configuration
showing entry points from four sources. The
drainage basin area of the Nile River is c. 1.9 X
106 km2, and the area of Herodotus Basin plain
(below 3000 m isobath) is calculated at c. 4 X lO4
km2. This gives a drainage/basin-plain ratio of
C.48.
The overall basin fill characteristics for the
Herodotus Basin, such as basin area, drainage
area, drainage/basin-plain ratio, volume of tur¬
bidites, volume per unit time and sedimentation
rates, are very similar to those for a number of
other basin plains (Pickering et al. 1989). For
example, Rothwell et al. (1992) noted that the
Madeira Abyssal Plain was mainly sourced from
two compositionally different areas. These are
organic-rich turbidites from the African shelf
and volcanic-rich from the Canary Islands, with
the volcanic source becoming dominant in the
basin's later evolution. The Madeira Abyssal
Plain is the most well studied of all abyssal
plains (e.g. Jones et al. 1992; Rothwell et al.
1992; Weaver et al. 1992, 1995; Masson 1994;
Schminke et al. 1995) and therefore forms a
reference with which others can be compared.
The dominant source of basin fill switched in the
Madeira Basin, as has that in the Herodotus
Basin from a Libyan-Egyptian shelf source to a
predominantly Nile Cone source since 27 ka.38 M. REEDER ETAL.
Table 4. Approximate dimensions of the individual turbidites from the Herodotus Basin
Turbidite
Turbidite a
Turbidite b
Turbidite c
Debrite
Turbidite d
Turbidite e
Turbidite f
Turbidite g
Turbidite h
Turbidite i
Turbidite j
Turbidite k
Turbidite 1
Turbidite m
Turbidite n
Turbidite o
Turbidite p
Type
A
A
A
A
A
A
A
B
B
B
C
C
c
B
A
B
Approximate
average
thickness
(in)
0.05
0.2
2.5
0.6
3.5
0.7
0.05
2.0
0.07
0.03
0.03
0.4
0.02
0.2
10.0
5.0?
0.02?
Approximate
area*
(km?)
2000
30,000
32,000
4000
36,000
36,000
2000
36,000
32,000
28,000
28,000
20,000
2000
20,000
40,000
38,000
4000
(5)
(75)
(80)
(10)
(90)
(90)
(5)
(90)
(80)
(70)
(70)
(50)
(5)
(50)
(100)
(95)
(10)
Approximate
volume
(km3)
0.1
6.0
80.0
2.4
126.0
25.2
0.1
72.0
2.2
0.8
0.8
8.0
0.04
4.0
400
190?
0.1?
Minimum
age
(ka)
6.5
7.0
7.5
8.0
9.0
12.0
13.5
14.5
17.0
21.5
23.5
24.0
26.5
27.5
>27.5
>27.5
>27.5
*
The area of the basin was calculated as an appropriate proportion of 40,000 km2 (percentage shown in
parentheses).
36N
Kg. 13. Isopach map showing the thickness in metres of sediments above the megaturbidite n, the inferred
limit of that turbidite, and the location of the late Quaternary depocentre centred on core site LC29. The
contour has been drawn using the 3.5 kHz profiles or otherwise estimated from the known bathymetry of the
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Table 5. Comparison of basin characteristics of the Herodotus Basin and the Madeira Abyssal Plain
Basin characteristics
Basin area
Drainage area
Drainage/basin area
Volume of turbidites - within depositional period studied
Depositional period studied
Volume/unit time
Width of bounding continental shelf or slope
Sedimentation rate throughout basin
Madeira Abyssal Plain
68,000 km2
3.36 X 10 km2
49*
600 km3
300 ka
2km3ka~1*
1000 km
9cmka-i*
Herodotus Basin
40,000 km2
1.9X10 km2
48
840 km3
27.5 ka
30.5 km3 ka-1
150 km
SScmka-1
* Cf. Rothwell et al. (1992).
The sedimentation and volume rates are higher
for the Herodotus Basin because of the high
sediment supply from the River Nile and the
smaller width of bounding shelf-slope com¬
pared with that of the Madeira Abyssal Plain
(Table 5).
Conclusions
The Herodotus Basin represents the deepest
part of the SE Mediterranean and receives
allochthonous sediments from turbidity cur¬
rents primarily from four sediment sources: (1)
dark-coloured, fine-grained turbidites from the
Nile Cone to the south and southeast, (2)
lighter-coloured, CaCC^-rich, slightly coarser-
grained turbidites from the Libyan-Egyptian
shelf to the southwest, (3) pale, foraminifer- and
CaCCvrich turbidites from the Anatolian Rise
region to the east and northeast, and (4) small
localized debris flows from the Mediterranean
Ridge to the north.
Approximately 50% of the Herodotus
Abyssal Plain is no longer bathymetrically a true
plain in the conventional sense as a result of neo-
tectonic deformation against the Mediterranean
Ridge accretionary prism. Echo-sounding and
3.5 kHz high-resolution seismic profiles col¬
lected during RV Marion Dufresne Cruise 81
show that part of the SW proximal plain is prob¬
ably part of the sandy lower rise of the Nile Cone
and that the northern part of the plain has been
deformed into a belt of small ridges and troughs,
up to 100 m in height above the surrounding sea
floor. This region, which is at least 40 km in
width, and laterally extensive, is interpreted as
the deformation front associated with the
Mediterranean Ridge accretionary complex.
A megaturbidite derived from the Libyan-
Egyptian shelf has been dated at c. 27 ka and has
an approximate volume of 400 km3. This does
not take into account local variations in sedi¬
ment thickness related to the ridge-trough
topography. The turbidites have been correlated
across the Herodotus Basin using major, minor
and trace element geochemistry. Each turbidite
event has a characteristic geochemical signature
allowing excellent chemostratigraphical corre¬
lation. Sediment colour, mineralogical and geo¬
physical properties can also be used to correlate
the turbidites but the chemostratigraphy pro¬
vides the most reliable method. This study shows
the value of chemostratigraphy as a correlation
tool, provided the same size grain fraction is
used for analysis.
The main depocentre of the Herodotus Basin
for the last 27 ka is centred around 3336'N,
2857'E, near the location of core LC29.
GLORIA side-scan sonar records show this is
related to the presence of meandering channels
which provide sediment input to this region
from the Nile Cone.
The cumulative volume of the sedimentary
input for the Nile Cone is calculated at c. 500
km3, giving an average sedimentation rate of
c. 45 cm ka""1 and a volume per unit time of 18
km3 ka""1. The small Type-C turbidites derived
from the Anatolian Rise contribute little to the
Herodotus Basin fill, with a volume of c. 12 km3
and a sedimentation rate of 1.1 cm ka"1.
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Structure of the Central Mediterranean, showing the complex interaction of Eurasian and African tectonic plates and creation of the Messina and Aegean microplates (after Jongsma et al,, 1985).
Although the collision is essentially compressive along a plain perpendicular to the main suture zone, the Messina microplate has been rotated giving extensive dextral strike-slip faulting across the
Sicilian-Tunisian Platform. Together with rotation, the stike-slip movement has created the pull-apart grabens of the Malta, Pantelleria and Linosa Troughs (map after Cello 1987). The Medina Wrench
(or Strait of Sicily Rift Zone) presents a unique combination of depositional sedimentary settings, with the addition of volcanic and oceanographic influences.
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The bathymetry of the Sicilian-Tunisian Platform, showing the names and
locations of physiographic features mentioned in the text and the course of the
Marion Dufresne 81 expedition. The bathymetry is plotted from the ship's
navigational charts and most of the locations are cited within the references found
on this poster and cited in Chapters 5 and 6.
The Sicilian-Tunisian Platform forms a broad topographic high, dividing the
Eastern and Western Mediterranean Basins. Within this platform there are
several en-echelon deep troughs, caused by the tectonic collision between the
Eurasian and African plates. Cores collected during the MD81 expedition sample
both the shallower sills on the extremes of the platform and the deep troughs, in
order to compare the sedimentary processes in this unique physiographic region
(see Chapters 5 and 6).
3) PHYSIOGRAPHIC REGIONS 4) EARTHQUAKES & VOLCANOES
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The physiographic regions of the Sicilian-Tunisian Platform determined from bathymetry and topographic features (adapted from from Maldonado
& Stanley, 1976; 1977). Approximately 50% of the region is shallower than 200 m, comprising both shelf and platform sedimentary environments.
The adventure Bank/Hyblean-Malta Plateau and the Tunisian Plateau are separated by the areally extensive intermediate or neritic-bathyal setting.
This 200-1000 m bathymetry forms approximately 47% of the region and is characterised by a topography showing small horsts and grabens (see
Figure 5_2). The remaining 3% comprises the deep depressions (> 1000m) of the Medina Wrench.
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The water mass exchange across the Sicilian-Tunisian Platform (currents adapted from Manzella et al, 1990; Moretti et al, 1993;
Astraldi et al, 1996). The deeper, denser Levantine Intermediate Water (LIW) forms by heightened evaporation rates in the
Eastern Mediterranean and flows westwards across the platform, entrapped by the deep troughs and channelled through the gaps
in the Sicily and Malta Sill (shown by green, boxed numbers), Shallow Atlantic Water enters the Mediterranean through the Strait
of Gibraltar and follows the Tunisian coastline across the platform. Current velocities vary due to disparities in evaporation rates
between the Eastern and Western Mediterranean. High velocities create erosive scours, whilst sediment drifts form during waning
currents (see Chapters 5 and 6). Stanley et al. (1975) and Maldonado & Stanley, (1976) proposed that the present-day currents
changed direction during the 12 periods of water column stratification and Sapropel formation, summarised in the block diagrams
to the right and the Chapter 5 text.
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Distribution of emergent and submarine volcanic centres and epicentres of deep (>50 km) and shallow (<50 km) earthquakes across the Sicilian-1\iisian Platform (adapted from Bullard 1976;
Civetta et al, 1984; Jongsma et al, 1985 and Calanchi et al., 1989). Some of the submarine volcanic centres may be spurious in their origin, but most seismic activity is certainly associated
with the main sutures between the tectonic plates and movements within volcanic magma chambers. The eruption history obtained from deep-sea cores is much more prevalent in this region
compared to that of the Eastern Mediterranean, with tephra layers forming important chronostratigraphic marker beds (chronostratigraphy after Keller et al, 1978). This is particularly
significant due to the lack of stagnation and consequent absence of Sapropels from the Sicilian-Tunisian Platform sedimentological record.
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